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Yc critical mole fraction of ionic surfactant
Ysds mole fraction of charged monomers
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ABSTRACT
Polymer and sur&ctant interactions have been a subject of intense research due to 
industrial applications utilizing a polymer-surfactant system, such as cosmetic 
formulation. A series of aminoilkylcarbamoyl cellulose derivatives were prepared from 
the amidation of methylcaiboxymethyl cellulose. These derivatives were quatemized 
with either iodomethane, or hydro^^ropyl trimethylammonhim chloride, or 
epichlorohydrin and dimethylamine to yield polyquatemaiy ammonium salts. The focus 
of this dissertation is the characterization of a family of these compounds based on 
dimethylethylene diamine. As these compounds are similar to Polyquatemium 10, a 
quatemized hydroxyethyl cellulose derivative, the solution properties have been 
characterized; antimicrobial activity and keratin affinity have been determined.
Viscosity measurement? indicated that derivatives containing a low number of 
cationic charges per graft and shorter graft length have the highest viscosity. Solubility 
studies showed that the polymers precipitate at their respective theoretical charge 
neutralization ratios at concentrations of polymer and anionic surfactant greater than 
0.010%. At low polymer concentrations, a fixed concentration of sodium dodecyl 
sulfate was necessary to precipitate the complexes. The critical mole fiaction of anionic 
surfactant necessary to cause precipitation of polymer - mixed surfactant micelle 
complexes was dependent upon polymer flexibility, charge density and polymer 
concentration. Changes in pyrene fluorescence intensity indicated that the micellar 
regions formed in these complexes were more hydrophilic than free micelles. Dynamic 
light scattering showed that systems containing Polyquatemium 10 were nearly 
monodisperse; whereas, systems containing our polymers were polydisperse. The
XXllI
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Polyquatemium 10 - mixed surfactant micelle complex exhibited a different temperature 
response than complexes formed with the aminoalkylcarbamoyl cellulose derivatives. 
Surface tension studies showed evidence of three interaction zones which were present 
regardless of polymer structure or charge density. Foam studies indicated that the 
system containing Potyquateraium 10 required more polymer to produce maximal 
foamability of SDS than either of our polymers. Bactericidal activity of the polymers 
against Escherichia coli, Stcphylococcus aureus and Pseudomonas aeruginosa was 
determined. The results indicated that quaternary polymers may have a dual role in 
cosmetic products as preservatives and thickeners. Finally, scanning electron microscopy 
indicated that the binding of the polymers to the hair fibers was not uniform in all cases.
XXIV
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CHAPTER 1: 
LITERATURE REVIEW
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1.1 CATIONIC POLYMERS
Polymeric quaternary ammonium salts (polyquats) have a variety of uses in 
cosmetic formulations due to their solubility in both aqueous and aqueous-alcoholic 
media. Polyquats have been used as thickeners, emulsifiers, fixatives or film formers, 
and as additives in formulations to improve combing of hair, manageability, body, cud 
retention and substantivity of ingredients to keratin.'^ The particular application of a 
polymer depends on the polymer's ability to absorb at an interface, stabilize dispersions, 
emulsify, and confer the preferred rheology by means of a three dimensional network.^  
Cationic ingredients are substantive to hair keratin due to the low isoelectric point of hair 
(pH = 3.67).^  However, the high afiSnity of some cationic polymers has limited their use 
due to soiling (build up) and resistance to removal by anionic surfactants.^
1.1.1 Chitosan
Chitin [ poly P-(l->4)-2-acetainido-2-deo}^-D-glucopyranose ] is the major 
constituent in shells of crustaceans, such as shrimp, crab, or crawfish.^  This product 
(Figure 1.1) is obtained after the crushed shells are demineralized to extract the proteins 
and polypeptides.^^ Chitin is the second most abundant biopolymer in nature  ^and is a 
waste product of the seafood industry.'
Chitosan [ poly P-(l->4)-2-amino-2-deoxy-D-glucopyranose ] is a natural 
biopolymer primarily composed of 2-amino-2-deoxy-D-glucose (D-glucosamine) and 2- 
acetamido-2-deoxy-D-glucose (N-acetyl-D-glucosamine) which are two common 
constituents of the body.^  This polycationic polymer (Figure 1.2) is obtained by alkaline 
deacetylation of chitin.^ ’
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Figure 1.1: Isolation of Chitin.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
N H C C H g  Ç H 2 O H
H C C H H o O H
0 Chitin
1 40-S0% NaOH mt 100 *C
Ç H 0 O H N H
N H C C H H o O H
O
Chitosan
15% residual acétylation
Figure 1.2: Isolation of Chitosan.
The important variable characteristics of chitosan are; the degree of 
deacetylation, molecular weight, solubility, and coagulating ability/ The viscosity of 
solutions containing chitosan is affected by the degree of deacetylation, molecular 
weight, concentration, ionic strength, pH and temperature. Generally, increases in 
temperature cause decreases in the viscosity of the solution; whereas, the effect of pH on 
viscosity depends on the acid used. Native chitosan is soluble in organic acids when the
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pH is less than 6 and insoluble in water, alkali or organic solvents/ However, water 
soluble salts of chitosan may be formed by neutralization with hydrochloric acid, acetic 
acid, lactic acid, or formic acid.’ Chitosan has found mai^ uses in different areas. These 
areas include water treatment, paper manufocturing, agriculture and food 
processing,cosmetics,^*® biotechnology,’®*’* and medicine.^ *®
1.1^ Cosmetic Applications of Chitosan Derivatives
Chitosan and its derivatives have been reportedly used as film formers in hair 
products,” ’’® setting agents,’  ^hair conditioners and shampoos.”  However, the use of 
chitosan and chitosan salts in personal care products has been limited. The insolubility of 
chitosan derivatives in the solvent systems of these products, such as aqueous, neutral to 
alkaline solutions, or anionic detergents, is the cause of limited use.
Lang and coworkers have investigated the synthesis of water soluble chitin and 
chitosan derivatives (Figure 1.3) which might also be compatible with anionic 
detergents.’® Reactions with epoxides such as ethylene oxide, propylene oxide,’® 
butylene oxide and glycidol *® were found to yield water soluble chitosan derivatives that 
were compatible with anionic detergents.’ Mixed epoxides such as ethylene oxide and 
glycidyltrimethylammonhun chloride,*’ propylene oxide,*  ^and glycidol *’ with cationic 
chitosans yielded derivatives capable of use in all cosmetic formulations; while 
substitution of short chain nonionic epoxides by long chain epoxides were found to yield 
derivatives with detergent properties ’® Finally, chitosan was sulfoallqrlated with 1,3- 
propane sultone to yield sulfopropyl substituted ampholytic or anionic derivatives.** 
These derivatives are thought to be well suited for use in hair products.
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Figure W: Chitosan Derivatives Synthesized for Cosmetic Applications.
The production of hydroxypropyi chitosan and hydroxypropyl 
trimethylammonium chitosan chloride has been the focus of a major research effort
in the laboratories of W. H. Daly. Since these materials (Figure 1.4) have many potential 
applications in the cosmetic industry, the initial objective of this dissertation was the 
characterization of the solution properties and keratin afiSnities of these materials. 
However, the poor viscosity enhancing properties or poor compatibility with anionic 
surfactants prompted an extension of the study to include cationic cellulose derivatives.
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Figure 1.4: Hydroxypropyl Chitosan and Hydroxypropyl Trimethylammonium 
Chitosan Chloride.
1.1.3 Cellulose
Cellulose (Figure 1.5) is a natural biopolymer composed of [ poly P-(l->4)- D- 
glucose ]. The numerous hydroxyl groups undergo extensive intra- intermolecular 
hydrogen bonding making it a stiff) rodlike polymer. Cellulose in its natural form 
contains amorphous and crystalline regions. Reactions generally occur in the amorphous 
regions first. Pretreatment with alkali activates the hydroxyl groups and facilitates the
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formation of derivatives. The hydroj^i groups on carbons C2 and C3 are secondary 
alcohols and the hydroj^l group on carbon C6 is a primary alcohol (Figure 1.6). The 
rates of reactivity of the hydroxyl groups depend on the reagent used. For estérification 
reactions, the rates of reactivity  ^are C6>C2,C3; while for éthérification reactions the 
reactivity rates are C2>C6>C3.^ ^”‘®
Figure I S: Cellulose.
6
CH2 OHCHoOH
"'"H O 'n
CH2 OH
CH2 OH OH CH2 ÙH 
O'
HO-
CH2 OH 'OH
CH2OH
Figure 1.6: Position of Hydroxyl Groups on Cellulose.
The properties of cellulose derivatives are influenced by the degree of substitution along 
the cellulose chain. For cellulose, the degree of substitution is the average number of 
hydroxyl groups that have been substituted per anhydroglucose ring. The hydroxyl 
groups which may be substituted are located at the C2, C3, C6 positions on the 
anhydroglucose ring.
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Cellulose derivatives are used in cosmetics as film formers for nail lacquers, skin 
and hair conditioners and gelling agents in toothpastes, to name a few applications. 
Their use is dependent upon the particular cellulose derivative and the modifications to 
the grafted substituent.
Polyquatemium 10
Polyquatemium 10 (Mgure 1.7) is a quatemized l^dro^qrethyl cellulose polymer 
formed fi'om the alkaline reaction of hydrw^etl^cellulose with epichlorohydrin 
followed by quatemization with trimethylamine. Approximately 1 cationic group per 2 
anhydroglucose repeat units leads to a relatively low average molecular weight per 
cationic charge of approximately 670 g^mol. and a high density of polar groups.
ÇH2 OH
CHÿCXCHzCHzOlfH J
L) aCHj-CH-CHz 
O
2-) N(CH3h
CHzCXCHzCHzO), :Hî^ H-CHrN*(CH3)j O
I
OH
Figure 1.7: Stmcture of Polyquatemium 10.
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Polyquatemium 10 is used in shampoos, conditioners, gels, mousses, and skin 
care products, such as lotions, moisturizers and cleansers/^ Due to the attributes 
imparted to hair, such as manageability and ease of combing, Polyquatemium 10 has 
been used frequently in shampoo formulations.”
The binding interactions of polymers with hair keratin,” ’^  rheological and flow 
properties of polymer solutions, film fi)rming and adhesion properties have been 
evaluated. In particular, the efi&cts of molecular weight, pH, charge, electrolyte 
interactions and surfactant interactions on behavior of Polyquatemium 10 has been 
studied in great detail by Goddard and Faucher.***” ’**’^
The uptake of different molecular weight versions of Polyquatemium 10 onto 
bleached and virgin hair was studied by Faucher and Goddard using a radiotracer 
method.^  ^ It was determined that the lowest molecular weight species was adsorbed the 
fastest and to the greatest extent. High molecular weight species showed rapid uptake of 
polymer followed by a leveling off which indicated saturation of the fiber surface. The 
effect of charge was studied by comparing Polyquatemium 10 (MW 250,000) with 
hydroxyethyl cellulose.^ ' The uptake of charged polymer was determined to be 50 times 
that of the uncharged hydroxyethyl cellulose po lym er.E lectrostatic  attraction 
between the cationic groups of the polymer and the anionic sites of the hair fiber was 
determined to be the driving force.^
The effea of pH was studied in unbuffered media at pH 4, 7, and 10.*‘ The 
amount of polymer adsorbed at pH 7 was greater than the amount adsorbed at either pH 
4 or 10. At acid pH, the reduction in amount of polymer adsorbed was attributed to the
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increasing positive charge on the hair fiber. Decreased sorption at alkaline pH was 
attributed to changes in structure of hair fibers at high pH.
Addition of electrolyte, sodium chloride, was found to decrease the amount of 
Polyquatemium 10 adsorbed by approximately 66%.'^  This result was attributed to 
competition between the sodium ions and cationic polymer for the anionic sites on the 
hair fiber.^ Electrolytes having trivalent cations were found to decrease sorption by a 
greater extent than either divalent cations or monovalent cations.
It is well known that cationic polymer deposition is decreased when surfactants 
are included in a formulation, especially anionic surfiictants." All surfactants examined 
were determined to decrease the amount of polymer adsorbed onto the hair fiber 
regardless of surfactant charge.” '^  ^ Both anionic and cationic surfactants were found to 
decrease the amount of polymer adsorbed greater than nonionic surfactants. It is 
hypothesized that the anionic surfactants decrease sorption by formation of association 
complexes with the polymer.* Cationic surfactants are hypothesized to decrease sorption 
by competitive inhibition.*
The major drawback to the use of Polyquatemium 10 has been its low degree of 
desorption fi’om keratin. Faucher et al. *^ determined that less than 15% of 
Polyquatemium 10 was desorbed fi'om hair by distilled water in 30 minutes. In a similar 
study,^ a O.IM solution of sodium dodecyl sulfate (SDS) desorbed approximately 50% 
of the polymer in 1 minute and 70% in 30 minutes. However, a small amount of polymer 
still remained strongly bound to the hair fibers after further treatment with SDS.^  ^ Salts 
were determined to be effective in the removal of Polyquatemium 10 fi'om hair fibers.^ *’^  
Trivalent salts were determined to be more effective than either divalent or monovalent
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salts. However, both dilute salt solutions and deionized water were found to be less 
effective than O.I M SDS in desorbing Polyquatemium 10 from hair fibers.^ When 
sodium chloride and SDS were combined, no ^ergistic effect was observed on amount 
of polymer desorbed.
1.13,2 Aminoallgrlcarbamoyl Cellulose Derivatives
Due to the high cost of chitosan derivatives, the production of 
aminoalkylcarbamoyl cellulose derivatives has become the fr>cus of a major research 
effort in the laboratories of W. H  Daly. Since these materials (Figure 1.8) which are 
similar to Polyquatemium 10 have many potential applications in the cosmetic industry, 
this dissertation will focus on the characterization of the solution properties and keratin 
affinities of these materials.
The aminoall^lcarbamoyl cellulose derivatives are formed by conversion of 
carboxymethylcellulose. Sodium carbo)qmiethylcellulose (NaCMC) is converted to a 
water insoluble ester by reaction with neat dimethylsulfate O i^gure 1.8A). The methyl 
carboxymethylcellulose ester ^CM C) reacts under homogeneous conditions with neat 
diamines, such as N,N ,^-dimethylethylene diamine (NNED), to yield water soluble 
aminoalkylcarbamoyl methylcelluloses (CMCamide) figure 1.8B). Quaternary 
ammonium salts of the aminoamide derivatives may then be prepared by reaction with 
iodomethane, hydroxypropyl trimethylammonium chloride (Quat 188), epichlorohydrin 
and dimethylamine, or g-co-(polyoxyethylene-polyoxypropylene)-amine (Jeffamine 600) 
to produce monoquatemary (MQNNED), diquatemary (DQNNED), polyquatemary 
(PQNNED) or Jeffamine derivatives (CMCJ600), respectively (Figure 1.8D-F).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
Figure 1.8: Amlnoall^lcarbflmoyl Cellulose Derivatives 
(A ) Reaction of NaCMC to form MCMC ester 
( B ) Reaction of MCMC ester to form CMCamide 
( C ) Reaction of CMCamide to form MQNNED 
( D ) Reaction of CMCamide to form DQNNED 
( E ) Reaction of CMCamide to form PQNNED 
( F ) Reaction of CMCamide to form CMCJ600
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As these aminoalkylcarbamoyl cellulose derivatives are similar to Polyquatemium 
10, the focus of this dissertation will be the characterization of solution properties and 
keratin afiSnity of a 6mily of these compounds namefy those based upon the 
dimethylethylene diamine (NNED) moie^. The study will include viscosity 
measurements, interactions with surjetants by solubility, pyrene fluorescence, dynamic 
light scattering, surface tension and foaming bactericidal activity and keratin afiSnity by 
use of microscopy. The results of these studies will lend insight to the applicability of 
these derivatives in cosmetic formulations as thickeners, fixatives, conditioning agents, 
and preservatives.
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CHAPTER 2: 
VISCOSITY
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2.1 INTRODUCTION
Cationic polymers are used in the cosmetics, pharmaceutical and food industries 
as thickeners, gelling agents and dispersants. Their use and usage levels are ultimately 
determined by the change in the viscosity of the formulation. Therefore, the objective of 
this work is to determine the viscosity of aqueous solutions of quaternary 
aminocellulosic and quaternary chitosan derivatives in order to select those derivatives 
exhibiting desirable viscositying power for use in comparative studies with 
Polyquatemium 10.
2.2 VISCOSITY
Viscosity is an expression of the resistance to flow o f a system under an applied 
stress. The more viscous the liquid, the greater the applied force required to make it 
flow at a particular rate.^ Viscosity is the proportionality constant between an applied 
force (per unit area) and the shear rate.
A liquid is sandwiched between two parallel plates and a shear force, F, is applied 
by the top surface of area, A (Figure 2.1). The force per unit area iso  = F / A As a 
result, the upper surface, Ay, begins to move at a velocity, u.^ The lower plate remains 
fixed. Within a liquid layer there will be a gradation of velocities. Liquid at the top plate 
will have a velocity equal to that plate while liquid near the bottom will be stationary. 
For “Newtonian fluids” the gradation of velocities is uniform, no matter how fast one 
plate is moved with respect to another.^ This gradient o f velocities is known as the 
shear rate, y.
r  = du(y)/dy (2 .1)
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Shear is the deviation from equilibrium position divided by the sample thickness 
y = Ax/Ay (2.2)
The force applied by the upper plate will increase linearly with shear rate. Therefr>re,
viscosity is defined as
n = a y  (2.3)
/
Figure 2.1: Shear Force Required to Produce a Velocity Gradient Between Parallel 
Layers of a Fluid.
There are three viscosity coefficients commonly determined to characterize 
polymer solutions; relative viscosity, t| i^, specific viscosity, rj and intrinsic viscosity, [ 
r| int ]• The equations for the determination of these coefficients are given in Equations 
2.4 - 2.6.
Ml ~  uiutiM /  T| Mlvclll )  (  2 .4  )
rj *p ~  (  r| lalutkm /  V| lolvmt )  ” 1 (  2 .5  )
[ Ti in» 1 = lint ( q Id /  c ) = lint ( q ,, / c ) extrapolated to c = 0 ( 2.6 )
c -* 0 c 0
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The viscosity of a fluid decreases with increasing temperature and is related 
by an experimental equation:
r\ -  A e x p ( E v / R T )  (2 .7)
where A is a constant depending on the molecular weight and molar volume of the fluid 
and Ev is an activation energy required to initiate flow between the molecules.^ More 
energy is required to break bonds and permit flow in fluids composed of molecules that 
form hydrogen bonds. ^
2.3 FLOW
There are three types of non-Newtonian flow: plastic, pseudoplastic and dilatant ( 
Figure 2.2 ). In plastic flow the curve does not pass through the origin, but intersects the 
shearing stress axis at a point called the yield value. The material does not begin to flow 
until the yield value has been exceeded. At stresses below this value, the material acts as 
an elastic material. Plastic flow is associated with flocculated particles in a suspension. 
Generally, pseudoplastic flow is exhibited by polymers in solution. There is no yield 
value in these systems. However, no part of the curve is linear; therefore, the viscosity 
can not be expressed by any single value. The viscosity of a pseudoplastic material 
decreases with increasing shear rate. As the shearing stress is increased, the molecules 
begin to align along their axis in the direction of flow and the internal resistance of the 
material is decreased. Dilatant flow is exhibited by systems that contain a high 
percentage of dispersed solids. The resistance to flow increases as the shear rate is 
increased and an increase in volume is observed. When the stress is removed, the system 
returns to its state of fluidity.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
21
Shear
Rate
Yield value
Shearing stress
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2.4 VISCOSITY OF POLYELECTROLYTE SOLUTIONS
Polyelectrolytes are a class of tnacromolecules that spontaneously acquire a large 
number of elementary charges distributed along the backbone when dissolved in a 
suitable polar solvent, usually water/^ There are two classes of polyelectrolytes: strong 
and weak. Strong polyelectrolytes spontaneously acquire full charge when dissolved in 
pure solvent. Weak polyelectrolytes are partially charged in pure solvent and can be 
titrated to full charge with either a strong acid or base. The distinction depends upon 
solvent, temperature, concentration, and other experimental conditions. When in 
solution and charged, each polyelectrolyte is accompanied by an equivalent amount of 
low molar mass (LMM) ions of opposite charge. These LMM ions are the counterions.
Polyelectrolyte solutions exhibit both chain like properties and properties due to 
electric charges. They are characterized by an increase in viscosity with respect to that 
of the pure solvent. In a given solvent, increases in viscosity at constant temperature
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depend upon molar mass of the polyelectrolyte, concentration, linear charge density and 
concentration of LMM inert electrolyte (salt) added.^ *^ When an excess o f LMM salt is 
added, the viscosity of a polyelectro^e solution behaves like that of a neutral 
macromolecule solution (Rgure 2.3, curves £  and F). However, the viscosity of 
solutions without added LMM salt deviates from this behavior (Figure 2.3, curves A 
through D). This deviation is due to the decrease in electrostatic screening of the 
charges on the polymer backbone as the screening arises only from the counterions.
10 15 20
c X 10*. f/m l
Figure 2.3: Reduced Viscosity Numbers of Aqueous Solutions of 60.8%
Poly(vimylbutylpyridInIum bromide) as a Function of Polymer and 
NaCi concentration. A *  water; B - F, in c pha •  10  ^moi/L: B, ca 0.2; 
C, 10; D, 25; E, 60, F, 100 (Reproduced from Reference #1 in M. 
Mandel, Potyelectrotytes, In: Encyclopedia of Polymer Science and 
Engineering. Second edition, John Wiley & Sons, New York, 1988. 
Copyright €> 1988, John Wilty & Sons, Inc., Reprinted by permission 
of John Wiley & Sons, Inc.).
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At constant temperature, solvent, and added LMM salt, the viscosity increment 
of a polyelectrolyte in water usually increases with increasing linear charge density.^ 
These viscosity curves may be extrapolated to zero concentration of polyelectrolyte in 
order to determine the intrinsic viscosity. However, viscosity data for solutions without 
added LMM salt are more diflScult to interpret. At constant temperature and linear 
charge density, the reduced viscosity exhibits a non-linear concentration dependence 
which impedes the determination of the intrinsic viscosity figure 2.3, curve A).^ ’ 
Extrapolation to zero concentration gives values of the intrinsic viscosity that are either 
too low or negative.
2.5 EXPERIMENTAL
The viscosity and c* values for the quaternary aminoalltylcarbamoyl cellulosic 
and chitosan derivatives were determined in doubly distilled water by means of a Caimon 
- Ubbelohde four-bulb viscometer at 26 ± 0.2 °C and a Wells - Brookfield cone and plate 
viscometer at 20 ± 0.1 °C, respectively. Brookfield viscosity was measured using an 
ASTM method. ^  All the polymers were dialysed prior to use against distilled, 
deionized water in a cellulose acetate dialysis tube with a 6-8,000 Dalton cutoff to 
remove low molar mass electrolyte, ^scosity measurements were made without 
addition of LMM electrolyte.
2.6 RESULTS AND DISCUSSION
The reduced viscosity, q,, / c, of aqueous solutions of the quaternary 
aminoalkylcarbamoyl cellulose and chitosan derivatives was determined without added 
electrolyte using an Ubbelohde viscometer. The objective of this study was to determine 
the three major concentration regions (dilute, semi-dilute and concentrated) as the
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polymer properties and nature of surfactant interaction vary in each region. Huggins 
plots of Tiap / c versus polymer concentration (Figures 2.4 and 2.5) indicate that the 
specific viscosity decreases with decreasing polymer concentration until a plateau region 
is entered where the change in viscosity with concentration is small. In the case of 
DQNNED, this plateau region is not as pronounced as the viscosity of the solution is 
high. As the concentration is further decreased, the viscosity begins to increase and 
reach a second maximum. Further dilution causes the viscosity to decrease as the 
polymer concentration approaches zero.
45
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Figure 2.4: Ubbelohde Viscosity of Quaternary Polymers: □ Polyquatemium 10; 
O MQNNED; and ▲ DQNNED
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Figure 2.S: Ubbelohde Viscosity of Quaternary Polymers: □ PQNNED; 
e  CMCJ600; and ▲ CHI-Q188
This behavior is known as the polyelectrolyte effect. Early studies of semidilute 
and moderately semidilute “salt free” polyelectrolyte solutions resulted in the following 
empirical relationship between n* /c  and the concentration of polymer, c;
Tl,p/c = A /C l  + Bc"^) (2.8)
This equation (2.8), known as the Fuoss law, yields a straight line when / c is plotted 
versus c" .^ It was assumed that this line could be extrapolated to zero concentration and 
that the intercept gives the value of [t^ ôa ]. The large values of [iiim ] obtained from these 
plots were thought to indicate that the polyelectrolytes become frilly stretched in the 
dilute regime. ^  The cause of this behavior was believed to be the loss of counterion 
shielding at low ionic strength (Figure 2.6). The charges on the polymer chain are 
confined to the chain itself while the counterions are not confined. Therefore, at high
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concentration, intramolecular charge-charge repulsions can be screened by the less 
rarefied ionic atmosphere. This efifect was thought to produce regions of high charge 
density, charge - charge repulsion, chain extension and increased viscosifying power.
*0
Low Concentration High Concentration
Figure 2.6: The Polyelectrolyte EfTect: #  Cationic charged moiety; O Anionic 
Counterion
Recently, Cohen et aL ^  have shown that linear extrapolation to zero 
concentration is incorrect. These authors show that at very low polyelectrolyte 
concentration (< 10'^  g/ml) the reduced viscosity decreases with decreasing 
concentratiotL This result is similar to studies of isoionic dilution of polyelectrolytes.
Recently, an alternative expression for the dilute solution viscosity has been 
proposed. Rabin et al. have used a modified version of theory originally proposed by 
Hess and Klein for suspensions of highly charged, spherical particles. ^  Thty show that 
the change in the viscosity is related to the nature of the strong electrostatic repulsions 
between the polyelectrolytes. Using an extremely accurate and precise viscometer 
system, Cohen et al. ^  have measured the viscosity of dilute solutions (< 10*’ g/ml) of 
sodium poly(styrene sulfonate). Their results show that increasing the molecular weight 
produces an increase in the viscosity observed in the dilute regime. However, the
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concentration at which the maximum viscosity occurs is independent of molecular 
weight. No qualitative change of behavior was observed as the polymer concentration 
was increased above the overiap concentration, c*. The positions and heights of the 
maxima were dependent on LMM salt concentration; increases in LMM salt moved the 
maxima to higher polymer concentration and decreased the reduced viscosity. The 
reduced specific viscosity at the maxima was found to increase linearly with molecular 
weight of the polyelectrolyte. The slopes and intercepts of the lines were found to 
decrease with increasing LMM salt These results prompted the authors to suggest a 
generalized Fuoss formula (Eq. 2.9) that should replace the original Fuoss law (Eq. 2.8): 
tIh. * (Rafac^l/x' (2.9)
where Rg is the hydrodynamic radius of the polyelectrolyte which is proportional to its 
molecular weight for a fully stretched chain, 1b = e^  /  Eo Iqb T is the Bjerrum length, and K 
 ^ is the Debye screening length. The dominant contribution to the viscosity comes 
fi'om wave vectors of order k for which the direct correlation function becomes small 
because of exclusion effects (i.e. strong electrostatic repulsion between polyelectrolytes). 
The authors hypothesize that, independent of polyelectrolyte concentration, the behavior 
of LMM salt polyelectrolyte solutions is in many respects similar to that of a dense fluid 
of hard spheres with effective hardcore radii k*V ^  In light of these results and 
comparison of our viscometer system with that of Cohen et aL we are unable to 
explain the increases in reduced viscosity upon dilution as we are most probably not truly 
in the dilute regime (< 10'^  g/ml). The phenomena observed in Figure 2.4 and 2.5 may 
result fi’om either the adsorption of the polyelectrolyte on the glass surface of the
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Ubbelohde viscometer, the polyelectrolyte effect, or polydispersity. We will therefore 
concentrate on the critical overlap concentration of these polymers.
All six polymers studied show dif&rcnt viscosities at similar concentrations 
regardless of number of cationic charges per graft or graft rigidity. Pofyquatemium 10, 
MQNNED and DQNNED have viscosities significantly greater than the other polymers. 
PQNNED, CMCJ600 and CHI-Q188 exhibit viscosities much lower than either 
Polyquatemium 10, MQNNED or DQNNED. The critical overlap concentration, c*, is 
the concentration at which the polymer chains just begin to overlap with each other. The 
value of c* is defined as the concentration at which the product of the concentration and 
the intrinsic viscosity is equal to unity (Eq. 2.10).^ However, in this work, the overlap 
concentration is determined as the concentration at which an abrupt change in slope 
occurs in the Huggins plot ( q * / c  versus c) ^ q . 2.11). The choice of the break point in 
the curve is justified by scaling arguments.^’^ ^  Theoretically, the specific viscosity 
should scale as the 1.4*^  power of the product of the concentration and intrinsic viscosity 
at concentrations below c* (Eq. 2.12).^ At concentrations above c*, the scaling factor 
should be 3.3 (Eq. 2.13).^
[ r iw lc  = 1 (2.10)
Tl,f / c = (Tii-I + k": [ T|*1 : c + k” i ( q J  " c* + ...+ (2.11)
q = q iM  ( l + ( c [ q s « l ) ‘-^) ( 2.12 )
q toirtio. = q toW ( l + ( c [ q t a t l ) “ ) ( 2.13 )
Using a Wells - Brookfield cone and plate viscometer, the apparent critical 
overlap concentrations, c*app, were determined for the quaternary polymers fi'om 
Huggins and modified Huggins plots (Figures 2.7 - 2.12). We have chosen to designate
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
29
a.)
45
-  ii«*17.38dL /g
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Concentration, ( g / dL)
1.6
1.4
1.0
LOG
^  specific
0.8
Slope 1 *1.100.6
0.4
0.0
0.80.6 1.00.0 0.4 1.4
LOG (concentration * intrinsic viscosity)
Figure 2.7: Huggins and Modified Huggins Plots for Polyquatemium 10: 
a.) Huggins Plot and b.) Modified Huggins Plot
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Figure 2.8: Huggins and Modified Huggins Plots for MQNNED: a.) Huggins Plot 
and b.) Modified Huggins Plot.
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Figure 2.9: Huggins and Modified Huggins Plots for DQNNED: a.) Huggins Plot 
and b.) Modified Huggins Plot.
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Figure 2.10: Huggins and Modified Huggins Plots for PQNNED: a.) Huggins Plot 
and b.) Modified Huggins Plot.
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Figure 2.11: Huggins and modified Huggins Plots for CMCJ600: a.) Huggins plot 
and b.) modified Huggins plot
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Figure 2.12: Huggins and Modified Huggins Plots for CUI-Q188: a.) Huggins Plot 
and b.) Modified Huggins Plot
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these values as as extrapolation to zero concentration for a polyelectrolyte without 
added electrolyte is reported to yield values of [t) ^  ] which are either too low or 
negative®'”
The values of c* .pp. the overiap parameter, the scaling exponents, and [t| 
for the quaternary cellulose and chitosan derivatives are given in Table 2.1. DQNNED 
which contains two cationic charges per graft exhibited the highest reduced specific 
viscosity, approximately 185 dL/g, and the lowest value of c* «pp. Both monoquatemary 
polymers, Polyquatemium 10 and MQNNED, exhibited similar values of c* «pp despite 
their differences in graft rigidity and reduced viscosity number. Significantly higher 
values for c* «pp were found for the remaining polymers. In the case of PQNNED which 
contains approximately five cationic charges per graft and CMCJ600 which has a 
quaternary nitrogen at the end of a long flexible graft, the high values of c* «pp and low 
viscosities may be attributed to aggregatioiL The high value of c* «pp determined for 
CHI-Q1S8 may be attributed to the significantly lower molecular weight of the chitosan 
derivative compared to the cellulose derivatives. The cellulose derivatives have a 
starting molecular weight of 250,000 g/mol prior to modification whereas the chitosan 
derivative has a starting molecular weight of 100,000 ^mol. Comparison of the scaling 
exponents determined fi'om the modified Huggins plots with the reported scaling 
exponents of 1.4 and 3.3 ”  indicates that the choice of the breakpoint for c* «pp appears 
to be reasonable.
The coil overlap parameter, [ri nt] «pp c* «pp, indicates the degree of overiap 
among polymer molecules. The degree of overiap effects the concentration and 
molecular weight dependence of viscosity. The overiap parameter for Polyquatemium
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Table 2.1: Values ofc* the Overlap Parameter, the Scaling Exponents, and #  1.^ from Huggins and Modified Huggins
Plots
C /)
C /)
Polymer h w l f P
( d L /g ) ( g /d L )
Overlap 
parameter 
[n m1 ap* c* n*
l" Scaling 
Exponent
Rfor r  
Scaling 
Exponent
2"^  Scaling 
Exponent
Rfor2"'
Scaling
Exponent
Polyquatemium
10
17.39 0.57 9.91 1.10 ±0.03 0.99769 2,13 ±0.07 0,99445
MQNNED 6.80 0.50 3.40 0.94 ±0.09 0.95168 2,37 ±0.30 0,96486
DQNNED 12.55 0.25 3.14 1.00±0.18 0.97300 2.69 ±0.22 0.98080
PQNNED 9.15 2.50 22.8 1.57 ±0.37 0.97500 4.70 ±0.30 0.97361
CMCJ600 1.70 1.25 2.12 1.20 ±0.02 0.97738 2.54 ±0.20 0.95142
CHI-Q188 2.34 1.75 4.10 0.91 ±0.02 0.99191 1.40 ±0.01 0.98784
0\
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10 is greater than that of either MQNNED or DQNNED. This result may be attributed 
to the numerous sites for l^drogen bonding between molecules of Polyquatemium 10 
compared with hydrogen bonding of either MQNNED or DQNNED. Increased 
hydrogen bonding between polymer molecules increases the number of contact points 
between the polyelectrolyte chains and results in a higher viscosity.
2.7 CONCLUSIONS
Comparison of the quaternary aminoall^carbamoyl cellulosic and chitosan 
derivatives by viscosity indicates that the derivatives containing a low number of cationic 
charges per graft and shorter graft length have the highest viscosifying power. 
Therefore, the two polymers, PQNNED and CMCJ600, will be omitted from further 
studies as they do not exhibit properties desirable for use in cosmetic formulation, 
particularly as rheology modifiers.
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3.1 INTRODUCTION
Naturally occurring polymers such as tragacanth, arable or karaya gum were used 
in eariy hair fixative products." These fixatives were delivered from either aqueous or 
hydroalcoholic media to damp hair. The hair was then styled and allowed to dry on 
rollers. This type of product was insufficient for all hairstyles and, as a result, an 
improved, quick drying product known as hair spray was developed.
Shellac was the first polymer to be used in hair sprays."'*  ^ Unfortunately, both 
the consumer and the formulator encountered difficulties with this polymer and synthetic 
resins were developed. Presently, the continued efifort to synthesize new polymeric 
resins has been driven by consumer demand for fixative products that demonstrate both 
humidity resistance and ease of removal by shampooing."
Since the banning of chlorofluorocarbons (CFC’s) in 1979, other regulatory acts 
have followed."^ Today, the most pressing issue is the reduction in the amount of 
volatile organic compounds (VOC’s) allowable in cosmetic formulations. The most 
obvious solution is the substitution of water for the amount of alcohol or propellant that 
must be removed."^ This will result in the same challenge that was presented to 
formulators over fifty yearn ago: how to create a quick drying fixative product which 
demonstrates both humidity resistance and ease of removal in an aqueous or low level 
hydroalcoholic solution. Replacement of the volatile solvents will require fobrication of 
products with selective affinity for hair.
Since many cosmetic formulations contain ethanol as a drying agent, it would be 
interesting to determine the solubility of the quaternary aminoalkylcarbamoyl cellulose 
and chitosan derivatives in aqueous - alcoholic solutions, the clarity of the solutions and
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viscosity. The results will be compared with Polyquatemium 10 which is soluble in 
aqueous - alcoholic solutions up to 50% alcohol and is used in personal care products.
3.2 EXPERIMENTAL
The viscosity of 1% solutions of the aminoall^lcarbamoyl cellulose and chitosan 
derivatives was determined in ratios of doubty distilled water and ethanol by means of a 
Wells - Brookfield cone and plate viscometer at 20 and 40 ±0.1 °C. The solutions were 
filtered and the filtrates were optically clear.
All the polymers studied were soluble in ratios of water and ethanol up to 
approximately 60% ethanol, bi the case of CHI-Q188, solubility was observed up to 
100% ethanol. The three other polymers tended to swell in solutions containing ethanol 
in excess of 60%.
3.3 RESULTS AND DISCUSSION
The ‘Sdscosifying power”, q , / c, of 1% solutions of the quaternary 
aminoalkylcarbamoyl cellulose and chitosan derivatives was determined with various 
amounts of ethanol and water ( Figure 3.1). Interestingly, there appears to be an 
increase in viscosity of the solution containing only water and ethanol around 55-60% 
ethanol. This efi&ct is also observed in the solutions containing Polyquatemium 10, 
MQNNED and CHI-Q188 and is attributed to the ordering of the water molecules 
solvating the polymers by ethanol.
In general, the addition of ethanol decreases the viscosity of the solutions. 
However, the viscosity of the DQNNED solution was unafifected by the addition of 
ethanol. A decrease in the viscosity may be detrimental to formulation of certain 
cosmetic products when a high viscosity is desired such as with gels. Therefore,
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DQNNED appears to be a potential improvement over Polyquatemium 10 and the other 
monoquatemary polymers as its viscosity is unafifected by addition of ethanol. This may 
allow for lower concentrations of both polymer and ethanol to be utilized in formulation.
I
8*
tr
10 20 30 40 50 60 70 80 90 100 110
Ethanol, %
Figure 3.1: Dependence of n sp /  c on Percentage of Ethanol at 20 °C
O Polyquatemium 10; □ MQNNED; ■  DQNNED; #  CH1-Q188; and 
*  water and ethanol alone; n = three measurements, the error bars are 
smaller than the data points
The viscosity of polymer solutions depends on temperature/*; therefore, the 
temperature was increased to 40 °C in order to determine changes in viscosity of the 
solutions (Figure 3.2). As anticipated, the viscosity of the solutions has decreased with
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increasing temperature. However, the slight increase in viscosity due to the water - 
ethanol ordering e%ct is still observed for the solutions of Polyquatemium 10 and 
MQNNED. The decrease in viscosity is not as significant for those solutions containing 
ethanol as a co-solvent when compared to water alone. The solution viscosity of 
DQNNED is greatly affected by the increase in temperature. This effect may be a result 
of loss of ethanol at 40 'C
200
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Figure 3.2: Dependence ofq#p/con Percentage of Ethanol at 40 *C:
O  Polyquatemium 10; □ MQNNED; ■  DQNNED and *  water and 
ethanol alone; n = 3 measurements, the error bars are smaller than the 
data points
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3.4 CONCLUSIONS
Comparison of the quaternary aminoaU^carbamoyl cellulosic and chitosan 
derivatives by viscosity with added ethanol indicates that DQNNED appears to be a 
potential improvement over Pofyquatemhim 10 and the other monoquatemary pofymers 
as its viscosity is unaffected by addition of ethanol. This effect may allow for lower 
concentrations of both polymer and ethanol to be utilized in cosmetic formulation. Due 
to the low viscosity at all ratios of water and ethanol, CHI-Q188 will be omitted from 
further studies as it does not appear to exhibit properties desirable for use in cosmetic 
formulation, particularly as rheology modifiers.
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4.1 INTRODUCTION
Polymer and surfactant interactions have been a subject of intense research 
resulting from the many industrial applications which make use of a polymer-surfactant 
system. Some of these industrial applications include cosmetic formulation,’''’^ ’*****’^  
rheology control *' and drug release.*  ^ Fundamentally, these systems are of interest as 
models for polyion-colloid systems, reversible equilibrium aggregates and natural 
supramolecular assemblies.
4.2 SURFACTANTS
Surfactants or surface active agents are molecules and ions that are adsorbed at 
interfaces.* ’^*' These molecules are amphiphilic meaning that the molecule has an aflSnity 
for both polar and nonpolar solvents (Figure 4.1). Depending on the nature of the 
surfactant, i.e. the number of polar and nonpolar groups present, the molecule may be 
predominantly hydrophilic (water loving), hydrophobic (oil loving) or well balanced 
between the two extremes. This amphiphilic nature of the surfactant molecules
CHs CHz- (CHz),- CHz- OSO3  '  Na"
Hydrophobic portion Hydrophilic
portion
Figure 4.1: Structure of Sodium Dodecyl Sulfate.
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(monomers) causes them to be adsorbed at the interface in this case the air water 
interface. Sur&ctant molecules may be anionic, cationic, nonionic or ampholytic 
(zwitterionic). Surfactants tend to minimize the contact of the hydrophobic groups with 
water. This minimization of contact is accomplished by adsorption at interfaces and 
association in solution.”
Surfactant molecules, such as sodium dodecyl sulfate (SDS), when added to 
water orient themselves with the hydrophilic head group in the water and the 
hydrophobic tail in the air (Figure 4.2). A consequence of this orientation is that some of 
the water molecules at the interface will be replaced by hydrocarbon or other nonpolar 
groups. Since the interaction force between water molecules and nonpolar groups is less 
than that between water molecules and air molecules, adsorption of surfactants at the 
interface results in a reduction in the surface tension of the solution. The efficacy of the 
surfactant varies with the nature of the solvent, temperature, electrolyte concentration, 
and amount of impurities or additives in the system.”
air
dr i' ■(!> ■ d>" 1 1 1 1 1 I 1
-0  liquid 
-O (X \
-o  h
9  ? ?  ?
m
?  9 9  9  9 9 9
CMC
Figure 4.2: Orientation of Surfactant Monomers in Water.
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When present in a liquid at low concentration, the sur&ctant monomers exist as 
solvated individual molecules. However, as the concentration is increased, aggr^ation 
occurs and micelles are formed. The concentration at which micelles are formed is 
termed the critical micelle concentration (CMC). Below the CMC the concentration of 
surfactant undergoing adsorption at the air water interfoce increases as the surfoctant 
concentration is increased. When the interfoce and bulk phase become saturated the 
CMC is reached. Any further addition of surfoctant creates dif&rent micellar structures 
in the solution and the fiee energy of the ^stem is reduced. Micellization affects the 
physical properties of the solution including detergency, density, conductivity, surface 
tension, osmotic pressure, viscosity and interfodal tension (Figure 4.3). Surface tension 
is used an indicator of the onset of micellizatiotL
1
Surfae* tansion
I
%
Intwfacial
tension
0 .1 j  j  .4 ,5 ,6 .7 .# .»
Sodium bund sulfate (% by naight)
Figure 4.3: Changes in Physical Properties of Surfactant Solutions around the 
Critical Micelle Concentration. (With permission. Martin A. et al„ 
Physical Pharmacy. Third edition. Lea & Febiger, Philadelphia, 1983)
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4.3 POLYMER - SURFACTANT INTERACTIGN
The interactions between polyelectrolyte and sur&ctant are largely dominated by 
electrostatic forces with l^drophobic interactions playing a secondary role in complex 
form ation.'^ Complexation of p o ^ec tro ^es and oppositely charged sur&ctants 
begins at a surûctant concentration which is much lower than the critical micelle 
concentration (CMC) for the free surfoctant." This surfrictant concentration which first 
results in complexation is known as the critical aggregation concentration (CAC).^ In 
particular, for the case of a cationic polymer and anionic sur&ctant, it has been shown 
that the polymer-surfactant complex can not co-exist with free micelles if precipitation of 
the charge neutralized complex is observed/^^ The region of maximum precipitation 
for the complex occurs near a stoichiometric charge neutralization Q.e. when the 
polymer-surfactant charge ratio is approximately Addition of excess amount
of anionic surfactant results in the resolubilization of the precipitated complex.^^"^
The interaction between cationic hydroxyeth^ cellulose derivatives and 
oppositely charged surfactants has been studied extensively.^ '^ '"^^^ However, in 
previous studies, the cationic moiety is attached to poly(oxyethylene) spacer groups that 
provide flexibility independent of the cellulose chain.”  We have prepared mono and 
diquatemary aminoalkylcarbamoyl cellulose derivatives as graft copolymers having a 
defined charge density where the quaternary nitrogen is located at the sites of 
carbotymethylation of the starting polymer.^ * ’^ The degree of substitution of the 
carboxymethyl cellulose was 0.70 and the degree of substitution of the aminoamide 
derivative was 0.56.^'”  These model polymers have been used to determine the 
behavior of complexes formed between the charged polymer and oppositely charged
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micelles of sodium dode^ sulâte (SDS). The interaction of these novel polymers with 
SDS micelles has been compared with the behavior of Polyquatemium 10. 
Polyquaternhim 10 is a quaternized hydroj^etfayi cellulose derivative with the quaternary 
nitrogen located at the end of a poly(o?^eth^ene) graft ”  ( Figure 1.7 ). The 
interactions of Polyquaternhim 10 with anionic suiftmtants have been studied extensively 
by surface tension, precipitation pattern, dye solubilization, electrophoresis and changes 
in foam stability.” *” ** ®’" ’*®*
4.4 EXPERIMENTAL
Pseudo phase diagrams were prepared for the following system: SDS / Polymer / 
water. These phase diagrams were used to determine where charge neutralization 
occurred. The solutions were prepared by addition of a concentrated polymer solution 
(3%) to a solution of SDS. The samples were shaken, placed in an oven at 60"C for 8 
hours, and allowed to cool slowly. The appearance of the liquid and precipitate was 
judged visually following the method of Goddard and HannaiL^^
4.5 RESULTS AND DISCUSSION
The complexation of Polyquaternhim 10 and two aminoalkylcarbamoyl cellulose 
graft co-polymers with SDS was studied by precipitation above and below the critical 
micelle concentration (CMC) of SDS, 2.4 mg/ml. *®^'*®* The cellulosic derivatives (Figure 
1.8) used were 2-trimethylammoniumethyl carbamoylmethyl cellulose iodide 
(MQNNED) which has one cationic charge per graft and 3-trimethylammonium-2- 
hydroxypropyl-N,N-dimethylammoniumethyl carbamoylmethyl cellulose chloride 
(DQNNED) which has two cationic charges per graft. The counterion for MQNNED 
was changed from iodine to chlorine by dialysis with sodium chloride.
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The pseudo phase diagrams of SDS / water / Polymer (Figures 4.4-4 6) show the 
formation of dear solutions at low concentrations of SDS. Increases in solution 
viscosity were observed along with formation of turbid or hazy solutions, predpitates 
and gels as the percentage of SDS was increased. At high surfoctant concentrations, 
resolubilization of the polymers was observed. These results are in agreement with 
previous studies of complexation of anionic surfactants and Polyquatemium 10.^^
1
a oo 
o #,
0.1
Polyquatemium 10
0.01
CMC of SDS
0.001
100.10.001 10.01
Sodium dodecyf suifote, %
Figure 4.4: Pseudo Phase Diagram of the System Polyquatemium 10 / Sodium 
Dodecyl Sulfate / Water. Symbols indicate: O dear solution; #
precipitate; V slight precipitate; A hazy solution; □ gel;---------
theoretical charge neutralization; and  maximum precipitate
observed.
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The complexation of cationic polymers with anionic sur&ctants proceeds via 
charge neutralization ”  4.1).
+ bD‘ -> FD. (4.1)
where P is the cationic polymer containing n cationic charges per residue molecular 
weight and D is the anionic surfactant containing one anionic charge per residue 
molecular weight. Theoretical charge neutralization occurs at a 1 : I ratio o f cationic 
and anionic charges resulting in maximum precipitation of the polymer.
For Polyquatemium 10, the charge density or average residue molecular weight 
per cationic charge is 689 g/mol while the charge density of SDS is 288 g/mol. 
Therefore, theoretical charge neutralization should occur at a weight ratio o f 2.3 : 1. 
Comparison of the observed maximum precipitation with the theoretical charge 
neutralization for this system (Rgure 4.4) indicates that this relationship holds true for 
concentrations of polymer and surfoctant ^ 0.200 and 0.100%, respectively. At polymer 
concentrations < 0.200%, the concentration of SDS necessary to precipitate the 
PolyquatemiumlO-SDS complex is independent of polymer concentration. This result 
agrees with results observed previously for Polyquatemium 10 and SDS.^^
The average molecular weight per cationic charge for MQNNED is 
approximately 467 g/mol.; therefore, theoretical charge neutralization should occur at a 
weight ratio of 1.6 : 1. The results for this system (Figure 4.5) indicate that this 
relationship holds true for concentrations of polymer and surfoctant ^ .020 and 0.015%, 
respectively. At polymer concentrations ^  0.010%, the concentration of SDS necessary 
to precipitate the MQNNED-SDS complex is independent of polymer concentration.
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1 -&
0.1
MQNNED, % i 
0.01 ^
0.001 0.001
CMC o f SDS
Sodium dodecyl sulfate, %
Figure 4.5: Pseudo Phase Diagram of the System MQNNED / Sodium Dodecyl 
Sulfate / Water. Symbols indicate: O clear solution; #  precipitate; V
slight precipitate; A hazy solution; □ gel;----------theoretical charge
neutralization; and  maximum precipitate observed.
The average molecular weight per cationic charge for DQNNED is 
approximately 569 g/mol.. Since the graft on DQNNED contains two cationic charges, 
two theoretical charge neutralization weight ratios can be calculated. The first weight 
ratio, 2.0 : I, is related to the addition of one SDS molecule per two cationic charges. 
The second weight ratio, 1 : 1, is related to the addition of two SDS molecules per two 
cationic charges. The results (Figure 4.6) indicate that maximum precipitation of the 
DQNNED-SDS complex occurs between these two theoretical charge neutralization
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lines. Therefore, for concentrations of polymer and sur&ctant > 0.010%, the DQNNED- 
SDS complex precipitates maximally when approximately 1.5 SDS molecules neutralize 
the charge of the 2 cationic sites. At low polymer concentrations (< 0.010%) the 
concentration of SDS necessary to precipitate the DQNNED-SDS complex is 
independent of polymer concentration.
— 0-0----------# —
oA A A y  o .oo 
o A A A .v' 7
1 O'
0.1 &
DQNNED, %
0.01 (y
CMC o f SDS
0.001 6 -  
0.001 100.01 0.1
Sodium dodecyl sulfate, %
Figure 4.6: Pseudo Phase Diagram of the System DQNNED / Sodium Dodecyl 
Sulfate / Water. Symbols indicate: O clear solution; #  precipitate; V
slight precipitate; A hazy solution; □ gel;--------- theoretical charge
neutralization for 1 SDS; theoretical charge neutralization for 2
SDS; and maximum precipitate observed.
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The observed maximum precipitation patterns for the three systems is shown 
(jRgure 4.7). The results indicate that the potymers precipitate at their respective 
theoretical charge neutralization ratio lAdxen the concentrations of polymer are 2^ 0.010, 
0.020 and 0.200% for DQNNED, MQNNED and Polyquatemium 10, respectively. 
However, at polymer concentrations ^  0.010%, the limiting SDS concentration 
necessary to precipitate increases as the structure of the pofymer is varied: DQNNED- 
SDS < MQNNED-SDS < Polyquatemium 10-SDS. Therefore, when precipitation is 
independent of polymer concentration, a polyelectrolyte containing two cationic charges 
per residue will precipitate at a lower percent SDS than its monoquatemary analog, and 
a monoquat closely related with the backbone will precipitate before a monoquat 
attached to a flexible spacer arm.
0.1
Polymer,
0.01
0.001
0.010.001 0.1 1
Sodium dodecyl sulfate, %
Figure 4.7: Observed Maximum Precipitation Pattern for the Three Systems.
Symbols indicate: - - - - -  DQNNED; MQNNED; and
 Polyquatemium 10
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4.5 CONCLUSIONS
All three polymers studied precipitate at their respective theoretical charge 
neutralizatiom ratio when the concentrations of polymer and anionic surActant are 
greater than 0.010%. However, at polymer concentrations less than 0.010%, a fixed 
concentration of sodium dode^ sulfiue is necessary to precipitate the complexes. The 
magnitude of the fixed concentration decreases as the charge density of the polymer 
increases.
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5.1 INTRODUCTION
Suifictams used in practical applications essentially always consist of a mixture 
of surface active compounds.The use of moced surfactant systems results from the 
cost of pure sur&ctants and the small performance advantages of pure surfimtants over 
mixtures. In mary applications, such as cosmetics and household products, mixtures of 
surfoctants are found to exhibit superior properties over systems containing pure 
surfactants. Some physical properties of sur&ctants are surface tension, wetting power, 
foam height, and irritation potential. Anionic surfoctants are widely used due to their 
superior foaming properties and low cost. However, these sur&ctants can be irritating 
to the skin and ^es. Cationic surfactants foam well, have adequate cleaning power, and 
provide antistat properties. However, with repeated use, cationic surfactants may build 
up on the surface of the material being cleaned forming a type of soil. Nonionic 
surfactants are used as foam boosters and stabilizers in emulsions due to their mildness. 
Th^r are auxiliary surfrrctants since they do not exhibit sufiScient cleansing power to be 
considered principal detergents.
5.2 POLYMER SURFACTANT BINDING
The solubility behavior of cationic polyelectrolytes and anionic surfactants is 
complex. As shown previously (Chapter 4) at low concentrations of SDS, the polymer 
solution remains clear, but changes in viscosity along with the formation of hazy 
solutions, precipitated material and gels occur as the concentration of SDS is increased. 
If the surfactant concentration is sufficiently high, resolubilization of the precipitated 
material occurs. At polymer concentrations of 0.01% or greater, maximum precipitation 
corresponds to a stoichiometric charge neutralization of the cationic polymer.
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Dubin and coworicers have examined the effect of adding a nonionic 
surfactant on precipitation of polymer-surâctant complexes. This group has determined, 
that at a certain ionic strength and ratio of anionic/nonionic sur&ctant, precipitation can 
be inhibited O e the precipitated material can be resolubilized). By diluting an ionic 
surfactant with a nonionic sur&ctant, the interaction with oppositely charged 
polyelectrolytes can be m o d e r a t e d . T h e  interaction and phase behavior of the 
systems can be controlled by the mole fraction of ionic surfactant, Y, and the ionic 
strength of the solution, I. Complex formation takes place only above a critical mole 
fraction of ionic surfactant, Yc, and there is a direct relationship between Yc and 
which is independent of polymer and sur&ctant concentration.'*’**’^ ’*'^ *^’ There are two 
types of soluble aggr%ates fr>rmed in these systems: intra- and intermolecular. 
Intramolecular aggregates involve only one polymer chain with the micelles while 
intermolecular aggregates involve several chains with the same micelle (Figure 
Intermolecular aggregates are formed at high polymer concentrations 
and when the molecular weight of the polymer is very high.
Factors affecting polymer-surfactant association are the micelle surface charge density 
(a) polymer linear charge density (Ç) and the Debye-HOckel ion atmosphere thickness 
(K-i) ii« Thg corresponding experimental variables are the mole fraction of charged 
monomers in the micelle (Y sds)  structural polymer charge density (1/b) where b is the 
distance between charges on the polymer backbone, and the ionic strength of the 
solution ( I ) “* (Figure 5.2). The flexibility of the polyelectrolyte is believed to be 
another factor.”
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Intramolecular 
Association, Cp < C*
0  = Y < Y c
Intennolecular 
Associatmn, Cp > C*
0  = Y > Y c
Figure 5.1:Intra and Intermolecular Aggregation. The Two Extreme Conditions.
( A )
Vs.
Where = SDS;
*
= Triton X-100
Vs.
(B )
Figure 5.2: Factors AITecting Association:( A ) Y sds = fraction of charged
monomers in miceUe; ( B ) 1/b is the structural polymer charge density,
i  _
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For a given polyeiectrolyte at constant I and b, a critical mole fiaction, Yc, 
corresponding to a critical micdle surâce charge density may be determined."^ Yc 
corresponds to the reversible formation of soluble polyelectrofyte-mixed surfoctant 
micelle complexes as determined by initial increase in solution turbidity. For Y < Yc. no 
polymer-polymer association takes place regardless of polymer or surfoctant 
concentratioiL**’^ ’^ '’' ’" '’"^ B^ond this phase transition, soluble complexes, liquid 
coacervate or amorphous precipitate may be formed."^ The complex phase depends on 
polymer concentration, surfoctant concentration, molecular weight, micelle surfoce 
charge density, polymer linear charge density and ionic strength.
5.3 CMC OF MIXING
Surfactants vary in their tendency to form aggregates such as micelles, 
precipitates and monolayers .The addition of a nonionic surfoctant to an anionic 
surfactant enhances the formation of micelles. The critical micelle concentration (CMC) 
is the lowest surfoctant concentration at which micelles form. The lower the CMC, the 
greater is the tendency of the surfactant to form micelles.
In a qrstem composed of two similar surfactants, the CMC of mixing can be 
modeled by assuming the thermodynamics of mixing in micelles obeys ideal solution 
theory.'"^ At equilibrium, the total monomer concentration. Cm, can be determined (Eq. 
5.1).
Cm = (CMCa«CMCb ) /  (Ya*CMCb + Yb«CMCa ) (5 .1 ) 
where CMCa and CMCs are the individual CMC values of species A and B, and Ya, Yb 
are the mole fractions of the surfoctants.
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The micellar mole fracdons, Xa and may then be calculated (Eq. 5.2):
Xa * Ya*C m /  CMCa and X , « Yb «Cm /  CMCb ( 5 ^ )  
If the total surfactant concentration (Cs) in the mixed system is at the CMC (1.e. an 
infinitesimal number of micelles are present), then Cm equals the CMC of the mixture as 
calculated using Eq. 5.1.
Negative deviation firom ideality results for mixtures of ionic/nonionic , 
anionic/cationic, and zwhterionic/anionic sur&ctants.'^ In these systems the CMC of 
mixing is significantly lower than predicted by Eq. 5.1 due to enhanced micelle 
formation. When a nonionic surâctant monomer is inserted into an anionic or cationic 
micelle, the nonionic hydrophilic group separates the charged hydrophilic groups and 
decreases electrical repulsion in the Stem layer of the micelle. This separation of charge 
enhances micelle formation and the CMC of mixing is less than the CMC of ideal mixed 
micelle formation. The interactions in these systems may be described by regular 
solution theory (5.3 and 5.4).
1 = {Ya*Xb « CMCs exp [W (X a*-Xb* )/R T ] /  Yb*Xa« CMCa } (5.3) 
Cm = { Xb*CMCb exp [W «X a* / RT] /  Y, } (5.4)
where W is an interaction parameter, R is the gas constant, and T is absolute 
temperature. If the total surfactant concentration in the mixed system is at the CMC, 
then Cm equals the CMC of the mixture as calculated using Eq. 5 .4.'°^
Equations 5.3 and 5.4 do not give a priori predictions as the interaction 
parameter, W, is needed. Therefore, a value for the CMC of mixing must be 
determined experimentally in order to substitute for Cm in equation 5.4 and calculate W.
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5.4 EXPERIMENTAL
Phase diagrams were prepared for systems of Polymer / SDS / Triton X-100 
varying the ratio of surfactants in order to resolubilize the precipitated material and 
select samples for use in fluorescence and dyiuunic light scattering studies. The solutions 
were prepared by addition of a concentrated polymer solution to a solution of SDS 
and/or Triton X-100 varying the ratio of surfactants from 0-0.06% or 0-1% (w/v) and 
maintaining a constant polymer concentration of either 0.1 or 1% (w/v). The samples 
were shaken, placed in an oven at 60°C for 8 hours, and allowed to cool slowly. The 
appearance of the liquid and predpitate was judged visually following the method of 
Goddard and Hannan Reduced Triton X-100 was used in place of Triton X-100 in 
order to remove fluorescence properties of this compound (Figure 5.3).
a.)
CH3C(CH3)2-CH2-C
b.)
CH3C(CH3>2-CH2-C
0(C H 2C H 20)„H
0 (CH2CH20)„H
Figure 5.3: Structure of Triton X-100 and Reduced Triton X-100, n = 5 to 15; 
average n = 10; a.) Triton X-100 and b.) Reduced Triton X-100.
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5.5 RESULTS AND DISCUSSION
5.5.1:0.1%  Pofymer and 0.06% Total Surfactant Concentration
The precipitation pattern of systems of 0.1% polymer /  SDS /  Triton X-100 were 
studied by varying the percentage of anionic SDS from 0-0.06% (w/v) at constant 
polymer concentratioiL A polymer concentration of 0.1% (w/v) was chosen to be in the 
region of maximum precipitation below the critical overlap concentration, c*, of the 
polymers. The purpose was to determine the critical mole fraction of SDS, Yc for 
binding of the mixed surfactant micelles with the cationic polymers below the critical 
micelle concentration of SDS.
The results of this study (Figure 5.4) indicate that at concentrations of SDS > 
0.025%, ( Ysds ^ 0.62) precipitation occurs for the Polyquatemium 10 - mbced 
surfactant micelle complexes. The charge density on the micelles causes them to bind 
strongly resulting in the onset of precipitation of the complex due to charge 
neutralization. At concentrations of SDS ^ 0.020% (Y sds ^ 0.53) , single phase, clear 
solutions were observed. Therefore, Yc = 0.62 for the system (Table 5.1).
For MQNNED and DQNNED mixed micelle complexes, two phase systems exist 
when the concentration of SDS is k  0.010% ( Y sds ^ 0.31). At concentrations of SDS ^ 
0.005% (Y sds ^ 0.17), single phase, clear solutions were observed. Therefore, Yc = 
0.31 for these systems (Table 5.1).
At low concentrations of polymer and surfoctant, the critical mole fraction of 
SDS necessary to cause the onset of precipitation is influenced by a flexible spacer
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group. The complices of Polyquatemium 10 - mixed surfactant micelles can support a 
higher micelle charge density than either of the quaternary derivatives closely associated
DQNNED
□ □ □ □ □ g y o u i i O D
MQNNED
g g g g g g y g g g i D D
Polyquat 10
y y y y y y y i D D D D Q
0.06 0.05
H—
0.04 0.03 0.02 0.01
H -
0.0 0.01 0.02 0.03 0.04 O.OS
Surfactant concentration ( 0.06% total )
0.0 % SDS
0.06 % Triton X-100
Symbols indicate:
Q  clear precipitate and clear supernatant; 
Q  white precipitate and clear supernatant; 
I  h a ^  solution; and 
I I clear one phase solution.
Figure 5.4: Phase Diagrams for the Systems 0.1% Polymer /  Sodium Dodecyl 
Sulfate / Triton X-100 Varying the Ratio of the Two Surfactants.
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Table 5.1: Data for Mixed Micelles of Sodium Dodecyl Sulfate and Triton X-100,0.1% Polymer.
SDS
%
Triton X-100 
%
SDS
mM
Triton X-100 
mM
Ct Total 
mM
Ysm Y TrNenX^ Cm*
mM
XlOB XTfNonX-lM Is Cs Total 
2: Cm*?
0.060 0.000 2.08 0.00 2.08 1.00 0.00 8.00 1.000 0.000 no
0.055 0.005 1.01 0.08 1.00 0.06 0.04 3.46 0.415 0.565 no
0.050 0.010 1.74 0.15 1.80 0.02 0.08 2.13 0.244 0.756 no
0.045 0.015 1.56 0.23 1.70 0.87 0.13 1.40 0.162 0.638 yes
0.040 0.020 1.30 0.31 1.70 0.62 0.16 1.12 0.114 0.666 yes
0.035 0.025 1.22 0.30 1.60 0.76 0.24 0.67 0.063 0.917 yes
0.030 0.030 1.04 0.46 1.51 0.60 0.31 0.70 0.061 0.930 yes
0.025 0.035 0.87 0.54 1.41 0.62 0.36 0.57 0.044 0.956 yes
0.020 0.040 0.60 0.62 1.31 0.53 0.47 0.47 0.031 0.969 yes
0.015 0.045 0.52 0.70 1.22 0.43 0.57 0.30 0.021 0,979 yes
0.010 0.050 0.35 0.77 1.12 0.31 0.60 0.33 0.013 0.967 yes
0.005 0.055 0.17 0.85 1.02 0.17 0.63 0.28 0.006 0.994 yes
0.000 0.060 0.00 0.03 0.03 0.00 1.00 0.23 0,000 1.000 yes
where Cs is the concentration of surfactant, Y is the mole fraction of surfactant, Cm* is the total monomer concentration from 
ideal solution theory as a value for mixed CMC was not available, and X is the micellar mole fraction of surfactant.
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with the cellulose backbone. Below the critical overlap concentration, the critical mole 
fraction of SDS necessary to onset precipitation does not appear to be influenced by the 
number of cationic charges on the graft. Both the monoquatemary polymer, MQNNED, 
and the diquatemary polymer, DQNNED, require similar micelle charge densities to 
cause precipitation.
5.5,2:1%  Polymer and 1% Total Surfactant Concentration 
The precipitation pattern of ^ e m s  of 1% pofymer / SDS /  Triton X-100 were 
studied by varying the percentage of anionic SDS fix>m 0-1% (w/v) at constant polymer 
concentration. A polymer concentration of 1% (w/v) was chosen to be in the region 
between charge neutralization and resolubilization which is above the critical overlap 
concentration, c*. The purpose was to determine the critical mole fraction of SDS, Yc, 
for binding of the mixed surfactant micelles with the cationic polymers above the critical 
micelle concentration of SDS.
The results of this study (Figure 5.5 and 5.6) indicate that at concentrations of 
SDS ^ 0.15%, precipitation occurs for both Polyquatemium 10- and MQNNED- mixed 
surfactant miceUe complexes. The high charge density on the micelles causes them to 
bind strongly resulting in the onset of precipitation of the complex due to charge 
neutralization. At concentrations of SDS ^ 0.15% (Ysds ^ 0.28), single phase, clear 
solutions were observed. Therefore, Yc = 0.30 for the ^stems of Polyquatemium 10- 
and MQNNED- mixed sur&ctant micelle complexes (Table 5.2).
For DQNNED, two phase systems exist when the concentration of SDS is 
between 0.50% and 0.11%. The charge density on the micelles is high enough to cause
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
67
precipitation of the complex but not sufficiently high to resolubilize the complex. 
Interestingly, there are two distinct regions where one phase, clear solutions exist.
DQNNED
GDODOyUÜBIDDD
MQNNED
BQBOBBBBIDaDD
Polyquat 10
y y y y g B y y o D O D D
1.0 0.8
H—
0.6
H—
0.4 0.2 0.1
H—
0.0 0.2 0.4 0.6 0.8 0.9 1.0
Surfactant concentration (1%  total )
% SDS
% Triton X-100
Symbols indicate;
Q  clear precipitate and clear supernatant; 
Q  white precipitate and clear supernatant; 
I  ba^ solution; and 
|~~| clear one phase solution.
Figure 5.S: Phase Diagram for the Systems 1% Polymer / Sodium Dodecyl Sulfate / 
Triton X-100 Varying the Ratio of the Two Surfactants. Concentration 
of SDS Varies Between 0.0 and 1.0%.
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y g y y y DQNNED0
MQNNED
000000 
Polyquat 10
000000
0.20
— I—
0.18
— I—
0.16
— I—
0.14 0.12
— I—
0.10 %SDS
+
0.80 0.82 0.84 0.86 0.88 0.90 % Triton X-100
Surfactant concentration (1% total )
Symbols indicate:
Q  clear precipitate and clear supernatant; 
Q  white precipitate and clear supernatant; 
I  hazy solution; and 
[~] clear one phase solution
Figure 5.6: Phase Diagram for the Systems 1% Polymer /  Sodium Dodecyl Sulfate / 
Triton X-100 Varying the Ratio of the Two Surfactants. Concentration 
of SDS Varies Between 0.10 and 0.20% to Accurately Determine Yc
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Table 5.2: Data for Mixed Micelles of Sodium Dodecyl Sulfate and Triton X -100,1.0% Polymer.
8TD
( O '
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CD
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CDQ.
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CD
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808
%
Tdton X-100 
%
808
mM
Triton X-100 
mM
Ca Total 
mM
Taos Y rrtiMX-iw Cm*
mM
XtM XTdWIM* Is Cs Total 
^Cm*7
1.00 0.00 34.72 0.00 34.72 1.00 0.00 8.00 1.000 0.000 yes
0.90 0.10 31.25 1.55 32.80 0.95 0.05 3.09 0.368 0.632 yes
0.80 0.20 27.78 3.09 30.87 0.90 0.10 1.63 0.205 0.795 yes
0.70 0.30 24.31 4.64 28.94 0.84 0.16 1.25 0.131 0.869 yes
0.60 0.40 20.83 6.18 27.02 0.77 0.23 0.92 0.086 0.912 yes
0.50 0.50 17.36 7.73 25.09 0.69 0.31 0.70 0.061 0.939 yes
0.40 0.60 13.69 9.27 23.16 0.60 0.40 0.55 0.041 0.959 yes
0.30 0.70 10.42 10.62 21.24 0.49 0.51 0.44 0.027 0.973 yes
0.20 0.80 6,94 12.36 19.31 0.36 0.64 0.35 0.016 0.984 yes
0.19 0.81 6.60 12.52 19.12 0.35 0.65 0.35 0.015 0.985 yes
0.18 0.82 6.25 12.67 18.92 0.33 0.67 0.34 0.014 0.986 yes
0.17 0.83 5.90 12.83 18.73 0.32 0.68 0.33 0.013 0.087 yes
0.16 0.84 5.56 12.98 18.54 0.30 0.70 0.32 0.012 0.988 yes
0.15 0.85 5.21 13.14 18.35 0.28 0.72 0.32 0.011 0.989 yes
0.14 0.66 4.66 13.29 18.15 0.27 0.73 0.31 0.010 0.990 yes
0.13 0.87 4.51 13.45 17.96 0.25 0.75 0.30 0.010 0.990 yes
0.12 0.88 4.17 13.60 17.77 0.23 0.77 0.30 0.009 0.991 yes
0.11 0.89 3.82 13.76 17.58 0.22 0.78 0.29 0.006 0.992 yes
0.10 0.90 3.47 13.91 17.38 0.20 0.80 0.29 0.007 0.993 yes
0.05 0.95 1.74 14.68 16.42 0.11 0.89 0.26 0.003 0.997 yes
0.00 1.00 0.00 15.46 15.46 0.00 1.00 0.23 0.000 1.000 yes
where Cs is the concentration of surfactant, Y is the mole Auction of surfactant, Cm* is the total monomer concentration from 
ideal solution theory as a value for mixed CMC was not available, and X is the micellar mole fraction of surfactant.
OsSO
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The first region is at high miceUe charge density (1 ^ SDS ^ 0.6%) and the second 
region at low charge density (SDS 2 0.10%). Therefore, Yc -  0.22 for this system. The 
first region is attributed to the resolubilization of the complex by fiiU miceUes 
(interpolymer • miceUe complication) as this system is always above the CMC of mbdng 
(Table 5.2). The second region is attributed to the binding of mixed surfactant miceUes 
within the complex as the high percentage of Triton X-100 wiU shield the polymer 
molecules fi*om each other resulting in intramolecular polymer - miceUe complexation.
At high concentrations of polymer and surfiictant, the critical mole fiaction of 
SDS necessary to induce precipitation is independent of extension fi'om the polymer 
chain for a monoquatemary derivative. However, the critical mole fiaction of SDS 
necessary to induce precipitation appears to be influenced by the number of cationic 
charges on the graft as DQNNED requires a lower miceUe charge density to precipitate 
than MQNNED.
5.6 CONCLUSIONS
For the polymer - mixed surfoctant miceUe complies studied, the critical mole 
fiaction of anionic surfactant necessary to cause precipitation appears to be dependent 
upon both flexibUity of the polyeiectrolyte and the number of charges on the graft. 
Below the critical overlap concentration, a flexible polyeiectrolyte wUl support a higher 
miceUe charge density than a semi-rigid polyeiectrolyte. Above the critical overlap 
concentration, where intermolecular interactions predominate, a monoquatemary 
polyeiectrolyte wiU support a higher charge density than its diquatemary analog 
regardless of the flexibility of the polyeiectrolyte.
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6.1 INTRODUCTION
The binding of an ionic sur&ctant to a polyeiectrolyte is expected to influence the 
microenvironment of both.^ Surflictants afifect the environment through association 
with the polyeiectrolyte and formation of micelles. Polyelectrofytes affect the 
environment through conformational changes that occur in solution and association with 
the surfoctant resulting in the formation of inter or intramolecular complexes.
Two approaches have been used to study the microenvironment formed by 
association of surfactants with polymers. The first approach is the addition of a 
fluorescent probe to the solution which will partition preforentially to the polymer- 
surfactant complexes, micelles or the polymer. The second approach is to covalently 
label the polymer with a fluorescent dye that will elucidate association phenomena 
occurring in the system with respect to the polymer.
6.2 CHARACTERIZATION OF POLYMER - SURFACTANT COMPLEXES
An organic dye added to polymer - surfactant solutions will reside preferentially 
in the hydrophobic microdomains formed in the solution.^'"*"^^ The dye may reside 
either inside of the hydrophobic core, adsorbed on the surfece, or. in the surface layer of 
the complex. The average locations of probes in surfactant micelles are known with a 
reasonable degree of confidence.” ’**''*  ^ However, information on the detailed location 
of fluorescent probes in polymer - surfactant complexes is limited. From the 
photophysical changes in the properties of fluorescent probe and the known behavior of 
the probes in various solvents and surfiictant micelles, it is has become possible to gain 
insight into the structure of the polymer-surfactant complexes.” *” ’* **'*^
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6.3 PYRENE FLUORESCENCE
6.3.1 Fyrene
Pyrene ( Beozo[d^phenanthrene ) is a colorless solid whose solutions have a 
light blue fluorescence (Rgure 6.1). This compound exhibits a medium sensitive change 
in the vibrational fine structure of its emission spectrum (Figure 6.2) which affects the 
intensity of the Ii and I, bands at 372 and 383 nm, respectively. This medium sensitive 
change, known as the Ham effect, was first used by Kalyanasundaram and Thomas to 
study environmental changes resulting fi'om micellization on the structure of the pyrene
• • H Ienussion spectrum.
10 1
2 
3
56
Figure 6.1: Structure of Pyrene.
6.3.2 Pyrene Fluorescence In Micellar Systems
The solvent dependence of the vibronic intensities of pyrene monomer 
fluorescence has been used to study micellar solutions. In the presence of micelles, 
pyrene is preferentially solubilized in the interior hydrophobic regions of the micelle. 
Figure 6.3 shows typical fluorescence spectra of pyrene in sodium dodecyl sulfate (SDS) 
both above and below the critical micelle concentration (CMC).
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Figure 6.2: The Ham Effect. Solvent Dependence o f Vibronic Band Intensities in 
Pyrene Monomer Fluorescence, [pyrene] *  2 pM; X «  310 nm. 
The It /  la ratio for pyrene is 1 3 ,1 .8 ,0 .6 , and 1.0 for methanol, 
acetonitrile, n-hexane and n-butanol, respectively. (Reprinted with 
permission from K. Kalyanasundaram and J. K. Thomas, Journal of 
the American Chemical Society1 99(7), 2039-2044,1977. Copyright €> 
(1977) American Chemical Society).
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Figure 6.3: Pyreme Monomer Fluorescence in Aqueous Sodium Dodecyl Sulfate
Solutions below and above the Crittod Micelle Concentration; CMC -  
8m M ; [pyrene] *  2 ^M . Ii /  Is ratio below the CMC is 1 .5 and above 
the CMC is 1.1. (Reprinted with permission from K . Kalyanasundaram  
and J. K. Thomas, Journal o f the American Chemical Society, 99(7), 
2039-2044,1977. Copyright €> (1977) American Chemical Society).
Below the CMC, the I1/I3 band ratio is high (1.5) as micelles are not present in solution. 
Therefore, pyrene experiences an environment similar to water. Above the CMC, the 
I1/I3 band ratio is lower (1.1). Pyrene is now solubilized in an environment between that 
of an alkane and water, i.e. the hydrophobic interior of the micelles. Therefore, the 
ratio of the I1/I3 bands may be used to determine the environment in polymer-sur&ctant 
complexes provided there is no change in pyrene fluorescence spectrum due to the 
polymer itself.
6.3.3 Pyrene Fluorescence in Polymer - Surfactant Complexes
Winnik and Winnik have studied the interactions of SDS with 
hydroxypropylcellulose (HPC) using pyrene fluorescence. The results of this study
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indicated that a decrease in the I 1/ I 3 band ratio reflected transfer of pyrene to a less polar 
environment when SDS was added to the ^ e m . The I 1/ I 3 band ratio of pyrene was 
found to be independent of pofymer concentration and dependent upon SDS 
concentration (Figure 6.4). This result indicates that the formation of polymer - 
surfectant complexes in the solution may be determined by this method.
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Figure 6 .4 :11/I3 Intensity Ratio for Pyrene (3 •  10 -7  M) Fluorescence in Aqueous 
Solutions o f HydrojqrpropylceUulose as a Function o f Sodium Dodeqrl 
Sulfate Concentration. (Reprinted with permission from F. M. Winnik 
and M. A. W innik, F ol]^ er Journal, 22(6), 482-488,1990. Copyright C 
CRC Press, Boca Raton, FL. )
Saturation of the system was reached at 6.3 mM SDS corresponding to a ratio of
1.1 for pyrene which is the same value as determined by Kalyanasundaram and Thomas 
for micellization."' The mean number of SDS clusters per polymer chain was
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determined to remain constant with increasing sur&ctant concentration. The cluster size 
was determined to increase with increasing SDS concentration and decrease with 
increasing concentration of HPC At concentrations of SDS greater than the CMC (8 
mM) of pure SDS, the bound clusters were found to be larger in size than normal SDS 
micelles.
Turro et al. ^  have studied the interactions of poly(ethylene oxide) and poly(N> 
vinylpyrrolidone) with SDS using pyrene fluorescence. These researchers found the 
value of 1.8 - 1.9 for the I 1/ I 3 ratio at concentrations of SDS less than 2 mM This value 
was found to be independent of either the molecular weight or percentage of the 
polymer. In general, pyrene was found to experience a slightly more hydrophilic 
environment in the polymer - surfactant complexes than in normal micelles. This result 
was found to be consistent with the concept of smaller micelles loosely bound to the 
polymer chain. For smaller micelles, water penetration is expected to be greater so that 
the pyrene “sees” more of the polar palisade layer of the micelle and the water associated 
with that layer.
6.3.4 Limitations
Pyrene has a low solubility in water (2-3 pM) therefore, this probe may be 
added to the solution by injecting a small amount of the pyrene in a water miscible 
organic solvent, such as ethanol. Under these conditions microcrystals may form which 
will interfere in fluorescence measurements by producing mccimer emission. 
Formation of microcrystals can be avoided by preparing a filtered aqueous solution and 
adding the polymer and surfactant to this solution.
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O^gen present in the sample may quench the fluorescence of pyrene. In 
aqueous solutions, the problem is minimal as oT^gen has low solubility in water 
(approximately 250 jiM at 25 “C) ^  compared to organic solvents.*^ However, 
quenching may occur in micellar systems as the solubility of oxygen is higher in 
micellar solutions than in water. Organic solutions may be degassed either by fi’eeze- 
thawing under vacuum or by bubbling nitrogen through the solution. Unfortunately, 
neither technique works very well on aqueous sur&ctant systems as bubbles are 
produced. Therefore, quenching by oT^gen remains a potential source of error in these 
systems.
6.4 EXPERIMENTAL
Fluorescence spectra of the Polymer / SDS / Triton X-100 complexes were 
recorded with a Fluorolog 2 Model F112X spectrofluorometer (Spex Industries). 
Fluorescence emission spectra were obtained at an excitation wavelength of 335 nm and 
emission wavelengths of 360 through 450 nm for pyrene. The bandwidths were set to
4.0 nm for excitation and 0.5 nm for emission. All measurements were performed in a
1.0 cm quartz cell at 25 ± TC. Samples were prepared by pipetting a volume of a 
pyrene stock solution into each vial and evaporating the solvent (hexane) in order to 
obtain a final pyrene concentration of 1*10*^  M. Next, concentrated solutions of 
polymer and surfactants were added to obtain final concentrations of 1% polymer and 
1% total surfactant, the ratios of SDS and Triton X-100 were varied. The samples were 
stirred and allowed to equilibrate overnight prior to measurement. The samples were not 
degassed.
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6.S RESULTS AND DISCUSSION
6.5.1:0.1% Polymer and 0.06% Total Surfactant Concentration
Pyrene is a strongly hydrophobic molecule whose water solubility is very low (2- 
3 mNQ. Changes in the vibronic fine structure intensities of the pyrene fluorescence 
spectra result fiom changes in the micro-environment encountered by the pyrene. The 
ratio of the I 1/ I 3 bands for pyrene was high (1.8) when pyrene was solubilized in a 
hydrophilic medium, water. Whereas, the I 1/ I 3 ratio was low (0.7) for pyrene in a 
hydrophobic medium, hexane, (Mgure 6.5). This result agrees with previous studies of 
the environmental effects on vibronic band intensities in pyrene monomer 
fluorescence.”*-''»-*^ ’**
Pyiene I •  lO'^M in Water 
Ratio I : in  « 1 .8 :1
i
Î 366 372 378 38« 390 396 402 408 414 420 426 432 438 444 4S0Pyrene 1 * lO'^M in Hexane 
R a tio l:n i* 0 .7 : 1
360 366 372 378 384 390 396 402 408 414 420 426 432 438 444 430
X emlssloQ (nm)
Figure 6.5: Fluorescence Intensity for Pyrene in Water and Hexane.
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Aqueous solutions of the polymers, 0.1%, were examined for the. presence of 
hydrophobic domains in polymer molecules. The I 1/ I 3 ratio of the band intensities for 
pyrene with pofymer alone indicated that pyrene was solubilized in a hydrophilic 
environment (Table 6.1). This ratio of 1.7 or 1.6 indicates that pyrene molecules reside 
in a l^drophilic environment,possibly the solvation shell of the polymer molecules.
Table 6.1: Fluorescence In ten sif o f Pyrene in Solutions o f Polymer, Surfactant 
and Potymer - Surfactant Complexes, 0.1%  Polymer.
POLYMERS Ratio L /L
0.1% Polyquatemium 10 1.7
0.1%MQNNED 1.6
0.1%DQNNED 1.6
SURFACTANT
0.06% Triton X-100 1.1
0.005% SDS 0.055% Triton X-100 1.1
POLYMER-SURFACTANT COMPLEXES
0.1% Polyquatemium 10 & 0.06% Triton X-100 1.3
0.1% MQNNED & 0.06% Triton X-100 1.4
0.1% DQNNED & 0.06% Triton X-100 1.4
0.1% Polyquatemium 10 & 0.005% SDS 0.055% Triton X-100 1.4
0.1% MQNNED & 0.005% SDS 0.055% Triton X-100 1.4
0.1% DQNNED & 0.005% SDS 0.055% Triton X-100 1.4
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In micellar and macromolecular systems, pyrene Is pre&rentialfy solubilized in the 
hydrophobic regions, and the intensity of the I 1/ I 3 band ratio for pyrene in micelles 
should decrease fix>m that o f water."* If micelles are present in the sur&ctant solutions, 
the I 1/ I 3 ratio should be approximately 1.1."* Pyrene fluorescence intensity in solutions 
o f0.005% SDS / 0.055 % Triton X-100 and 0.06% Triton X-100 exhibited a I 1/ I 3 ratio 
of 1.1 (Table 6.1). As the I 1/ I 3 ratio in the micellar solutions was greater than 0.7 fisr 
hexane, the pyrene was solubilized in the hydrocarbon chain region of the micelles.
For both of these surfactant solutions, the total surActant concentration, Cs, was 
greater than the CMC of mixing of the two surfactants. Cut as previously determined 
(Table 5.1). For the solution o f0.005% SDS / 0.055% Triton X-100, Cs was 3.6 times 
greater than Cut 1.02 mM and 0.28 mM, respectively. For the solution of 0.06% Triton 
X-100, Cs was 4.0 times greater than the CMC of pure Triton X-100,0.93 mM and 0.23 
mM, respectively. Therefore, pyrene fluorescence confirmed the presence of micelles in 
these solutions. The similarity in fluorescence intensity indicates that micelle 
composition at this Cs has no eflect on the I 1/ I 3 ratio. This type of change in pyrene 
emission spectrum has been well documented and has been connected to the
formation of micelle clusters in both the absence "***^  and presence of polymer.
The single phase solutions containing 0.1% Polymer /  0.005% SDS /  0.055% 
Triton X-100 or 0.1% Polymer /  0.06% Triton X-100 were examined for the presence of 
polymer bound micelle clusters. Changes in pyrene fluorescence indicated that polymer 
bound micelles are present in the Polymer / SDS / Triton X-100 systems (Table 6.1). 
This was determined by the decrease in the It/1 3  band fluorescence ratio for pyrene in the 
complexes which indicates the formation of hydrophobic domains in these complexes.
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The I 1/ I 3 ratio observed for pyrene of 1.4 is higher than the ratio for pyrene solubilized in 
micelles alone. This slight increase in the Ii/T, ratio agrees with the results of previous 
studies vdiich indicate that pofymer - sur&ctant complexation has o c c u r r e d . T h e  
pyrene solubilized in the polymer - surActant complexes experiences a slightly more 
hydrophilic environment than in micelles alone wdiich is consistent with the concept of 
smaller micelles being bound along the polymer strand.™ For smaller micelles, one 
would expect the water penetration to be greater so that the pyrene would encounter 
more of the polar palisade layer of the micelle and the water associated with this layer.™ 
6.5,2:1% Polymer and 1% Total Surfactant Concentration 
Aqueous solutions of the polymers, 1%, were examined for effect of high 
polymer concentration (c > c*) on the pyrene fluorescence spectrum (i.e. presence of 
hydrophobic domains in polymer molecules). The It/Ia ratio of the band intensities for 
pyrene with polymer alone indicate that pyrene was solubilized in a hydrophilic 
environment (Table 6.2). This ratio of 1.7 indicates that pyrene molecules reside in the 
solvation shell of the polymer molecules, independent of polymer concentration.
Pyrene fluorescence intensity in solutions of 0.10 % SDS / 0.90 % Triton X-100 
and 1% Triton X-100 exhibited a ratio of 1.2 (Table 6.2). As the I1/I3 ratio was greater 
than 0.7, pyrene was again solubilized in the hydrocarbon chain region of the micelles. 
For both of these surActant solutions, Cs was much greater than Cm. as previously 
determined (Table 5.2). For the solution of 0.10 % SDS / 0.90 % Triton X-100, Cs was 
approximately 60 times greater than Cm, 17.38 mM and 0.29 mM, respectively. For the 
solution of 1% Triton X-100, Cs was approximately 67 times greater than the CMC of
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pure Triton X-lOO, 15.46 mM and 0.23 mM, respectively. Therefore, pyrene 
fluorescence again confirmed the presence of micelles in these solutions.
Table 6.2: Fluorescence intensity o f Pyrene in Solutions o f Polymer, Surfactant 
and Polymer -  Surfactant Complexes, 1.0% Polymer.
POLYMERS Ratio I I / I 3
1% Potyquatemhun 10 1-7
1% MQNNED 1.7
1% DQNNED 1.7
SURFACTANT
1% Triton X-100 1 . 2
0.10% SDS 0.90% Triton X-100 1 . 2
POLYMER-SURFACTANT COMPLEXES
1% Polyquatemium 10 & 1% Triton X-100 1.3
1% MQNNED & 1% Triton X-100 1.3
1% DQNNED & 1% Triton X-100 1.3
1% Polyquatemium 10 & 0.10% SDS 0.90% Triton X-100 1.3
1% MQNNED & 0.10% SDS 0.90% Triton X-100 1.3
1% DQNNED & 0.10% SDS 0.90% Triton X-100 1.3
The similarity in fluorescence intensity of the two surfactant solutions again 
indicates that micelle composition has no effect on the I1/I3 ratio. It has been previously
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reported that the I 1/ I 3 ratio is dependent upon the nature of the surfactant head group
for pure surfactant solutions above the CMC (Ii/^ ~ 1.1 and 1.3 for SDS and Triton X- 
100, respectively). For mixed systems above the CMC of mixing, the I 1/ I 3 ratio appears 
to reflect the nature of the surfoctant mbcture.
The single phase solutions containing 1% Polymer / 0.10% SDS /  0.90% Triton 
X-100 and 1% Polymer /  1% Triton X-100 were examined for the presence of polymer 
bound micelle clusters. Changes in pyrene fluorescence indicate that polymer bound 
micelle clusters are present in the polymer - sur&ctant systems (Table 6.2). This was 
determined fi’om the decrease in the I 1/ I 3 band which indicates the formation of 
hydrophobic domains in these complexes. The Ii/k ratio observed of 1.3 is slightly 
higher than that of pyrene solubilized in free micelles. The similar values of I 1/ I 3 for both 
surfactant solutions and polymer - surflmtant complex solutions indicate that the polymer 
bound sur&ctant clusters and normal micelles have almost equal polarity when Cs »  
Cm. This result agrees with those of Nilsson for the system 
hydroxypropylmethylcellulose /  SDS /  water.
At surfactant concentrations greatly above the CMC either of mixing or of the 
pure surfoctant, it is difficult to determine whether or not polymer bound micelle clusters 
exist without the use of fluorescence quenching or NMR, However, Winnik et al. and 
Nilsson have presented evidence that, at high concentrations of surfactant, the 
bound surfactant clusters grow in size as more surfactant is added to the system. The 
results indicated that new clusters did not add to the polymer chain, but the polymer 
bound sur&ctant clusters were in competition with the formation of micelles.
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Nilsson speculates that a pronounced difference exists between a very dilute 
polymer solution (c < c*) and a concentrated solution ( c > c*). At low polymer 
concentrations, a constant number of binding sites was observed. Whereas, at high 
polymer concentration, the number of cluster binding sites increased. For dilute polymer 
solutions, viscosity measurements indicated that the association process was 
intramolecular.^ Whereas, for concentrated solutions, viscosity measurements 
indicated the association process was to be intermolecular as indicated by an increase in 
viscosity of the polymer - surfactant complex.*^ * In order to determine the type of 
interaction, we would need to determine the specific viscosity for our systems.
6.6 CONCLUSIONS
The I 1/ I 3 ratio of the band intensities for pyrene with polymer alone indicate that 
pyrene is solubilized in a hydrophilic environment, possibly the solvation shell of the 
polymer molecules. This result is independent of polymer concentration.
At low and high surfactant concentration, 0.06% and 1%, the similarity in 
fluorescence intensity of the surfactant solutions indicates that micelle composition has 
no effect on the I 1/ I 3 ratio. However, for mixed systems above the CMC of mixing, the 
I 1/ I 3 ratio appears to reflect the nature of the surfactant mixture.
Changes in the vibronic fine structure of the pyrene fluorescence intensity spectra 
indicated that the micellar regions formed in the polymer-surfoctant complexes were 
more hydrophilic than micelles formed in the absence of polymer. This result is 
independent of polymer concentration. At low concentrations of polymer (c < c*) and 
surfoctant (Cs > Cm), this result is consistent with the concept of smaller micelles being 
bound along the polymer strand. For smaller micelles, one would expect the water
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penetration to be greater so that the pyrene would encounter more of the polar palisade 
layer of the micelle and the water associated with this layer. At high concentrations of 
polymer (c > c*) and sui&ctant (Cs » >  Cm), the similar values of I1/I3 for both 
surfactant solutions and polymer - sur&ctant complex solutions indicate that the interiors 
of the polymer bound surfactant clusters and normal micelles have almost equal polarity.
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7.1 INTRODUCTION
Dynamic light scattering ^L S ) is an important tool in the study of polymer 
solutions for two reasons. First, DLS provides data on the molecular mobility and 
diffusion coefGcients of polymers. Second, the data may be interpreted in terms of the 
size and configuration of the polymer.
DLS defines a wave vector, q, 
q = (47cn/Xo) sin (0/2)  (7.1)
where Xo is the wave length of incident light in a vacuum, 6 is the scattering angle and n 
is the refiactive index of the medium. The full homodyne intensity autocorrelation 
function is measured as function of 6 at 0° - 180°, caveat 0 = 0°, with a correlator. The 
correlator samples the scattered light at controUably spaced periods in time to compute 
the time correlation function. In a dilute solution of a single, well dissolved polymer 
or micelle, measurement of the initial decay of the correlation function gives the mutual 
diffusion coefficient directly (Eq. 7.2).^  
r  = V 4 { - d l n ( g ® ( q , t ) - l l  I t - a} /d t  = D . q" (7.2)
Usually, there is only one decay mode of the correlation function present (Figure 
7.1). However, research groups have reported the observation of two and three decay 
modes of the correlation function in solutions containing either a polymer or a polymer 
and sodium dodecyl s u l f a t e . T h e s e  multiple modes may result firom aggregation,'^ 
chain entanglement or dynamic properties of the hydrophobic domains formed by 
uncharged segments of the polymer backbone."^
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Figure 7.1 : Schematic Representation of Unimodal and Bimodai Decay Curves of 
the Correlation Function.
7.2 EXPERIMENTAL
7.2.1 Dynamic Light Scattering
Dynamic light scattering (DLS) measurements were made at scattering angles of 
30-90" using a Lexel Model 9S Argon ion laser at 514.5 nm. During angle dependence 
studies, temperature was maintained at 25 ± 0.05°C. Polymer and surfactant solutions 
were prepared as described in the fluorescence study and filtered with 0.2 pm Whatman 
PVDF filters to remove dust. Ionic strength of the solutions was adjusted to 0.10 M 
using a sodium chloride solution which was filtered with a 0.02 pm filter. This ionic 
strength was chosen to increase the scattering intensity and reduce intermolecular 
association of polymer - surfactant complexes. Addition of 0.1 M sodium chloride had
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no eSèct on the clarity of the solutions. The samples were placed in silanated cells and 
centrifuged to remove any remaining dust particles. The sample cells were silanated by 
reacting the glass surface with chlorotrimethylsilane in hot toluene. Measurements were 
made in an index matching bath with toluene in order to minimize stray light and 
reflections. The full homodyne intensity autocorrelation function was measured at 30", 
4S°, 60" and 90" with an ALV 5000 multiple-T digital correlator. The correlation 
functions were recorded in real time "multiple-%" mode of the correlator in which 288 
channels are logarithmically spaced over an interval from 0.2 ^s to approximately one 
hour.
7.2.2 Dynamic Light Scattering Data Analysis
Assuming the scattered field to have Gaussian statistics, the measured homodyne 
intensity autocorrelation function, g^’ (q,t), is directly related to the theoretical first 
order electric field autocorrelation function, g^ ^^  (q,t), through the Siegert relation (Eq. 
7.3):
g^>(q,t) = 1 + B( 1 + f  I gC)(q,t) |: )  (7.3)
where f  (^ I) is an instrumental parameter and B is the baseline.
Since DLS measures the difrusion rate of particles in solution, the mutual 
difrbsion coefficient can be obtained from a plot of the decay rate of g^*^ (q,t) versus time 
using the following relationships:
g<»(q,t) = e "  (7.4)
r  = q" D . (7.5)
where T is the decay rate, q is the wave vector and Dm is the mutual difrusion coefficient.
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The mutual division coefiScient is related to the hydrodynamic radius, R&, by the 
Stokes-Einstein equation OBq. 7.6):
D . = kX/6iCTiRfe (7.6)
where k is Boltzmann constant and r\ is the viscosity of the medium.
7.2.3 Cloud Point Determination
The cloud point of the solutions was determined visually using a waterbath that 
controlled the temperature from 25 to 70 ± 0.1 "C. Temperature was increased stepwise 
at a rate of 0.1 °C in 30 seconds.
7.3 RESULTS AND DISCUSSION
7.3.1 Cumulant Analysis
For experiments at 25"C, the correlation functions were nearly monoexponential 
at all angles for the Polyquatemium 10 polymer; the MQNNED and DQNNED polymers 
showing appreciable nonexponential character at low angles. The polymer - mixed 
surfactant micelle complexes exhibited more complex correlation functions with “tails” 
and “plateaus”. In all cases, a fourth order polynomial fit to the correlation functions 
was applied to extract F, the average decay rate, which, for the purposes of this chapter, 
corresponds to the main diffusive mode. As a reminder, the decay rate increases linearly 
with q^  for purely translational difrbsion of monodisperse particles. Deviations from 
linearity usually signal the presence of polydispersity and/or rotational motion of very 
large, asymmetric particles.
Figure 7.2 shows the dependence of F on q  ^ for each polymer and polymer - 
mixed surfactant micelle complex. At a polymer concentration of 1 g/dL (c/c* is 1.75,
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2.00 and 4.00 for Polyquatemium 10, MQNNED and DQNNED, respectively), F scaled 
linearly with at all angles for the Polyquatemium 10 polymer, but an upward curvature 
was evident at high q for the MQNNED and DQNNED polymers. This efifect was 
probably due to polydispersity. At high angles, the scattering form foctor drops off for 
large molecules leaving the small molecules to dominate the scattering intensity and thus 
produce a positive sloping effect in the plot.
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Figure 7.2 : Plot of F versus q ' for Polymer and Polymer - Surfactant Complexes. 
Symbols indicate: ( ■  ) 1% Polyquatemium 10; ( □ ) 1% 
Polyquatemium 10 / 0.10% SDS / 0.90% Triton X-100; ( #  ) 1% 
MQNNED; ( O ) 1% MQNNED / 0.10% SDS /  0.90% Triton X-100; 
( A ) 1% DQNNED ; and (A ) 1% DQNNED / 0.10% SDS / 0.90% 
Triton X-100.
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After addition of 0.10 SDS / 0.90% Triton X-100, the Polyquatemium 10 - 
mixed sur&ctant micelle complex formed was uniform as judged from the linearity of the 
plot. The data were replotted figure 7.3) to show the dependence of F/q^ on q^ . Table
7.1 displays values ofD..^,p. the apparent mutual diffusion coefficient obtained from the 
intercepts of plots in Figure 7.3.
r/q* * 10 
2
(cm I  s)
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2
1
0
2 3 4
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Figure 7.3 : Plot of the Apparent Mutual Diffusion Coefficient versus q* for
Polymer and Polymer - Surfactant Complexes. Symbols indicate: ( ■  ) 
1% Polyquatemium 10; ( □ ) 1% Polyquatemium 10 /  0.10% SDS / 
0.90% Triton X-100; ( #  ) 1% MQNNED; ( O ) 1% MQNNED / 
0.10% SDS /  0.90% Triton X-100; ( A ) 1% DQNNED ; and ( A ) 1% 
DQNNED / 0.10% SDS / 0.90% Triton X-100.
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Table 7.1 - Effect o f Surfactant Addition on D ., w
Potymcr
1% Polymer 
(cmVs)
1% Polymer/0.1% SDS/0.9% Triton X>100
fcmVs)
Polyquatemium
10
2.97 • 10 3.98 • 10
MQNNED 2.61 • 10 *• 1.13# 10
DQNNED 3.13# 10 3.94 # 10
Table 7.2 - Scattering Intensity of Systems Studied
System Scattering Intensity 
( kHz ) at 8 = 90
Background (dark count) 0.007
0.100 M NaCl solution 0.014
0.1% SDS / 0.9% Triton X-100 in 0.100 M NaCl 
(mixed micelle)
0.482
1% Polyquatemium 10 in 0.100 M NaCl 1.749
1% Polyquatemium 10 and 0.1% SDS / 0.9% Triton X- 
100 in 0.100 M NaCl
15.421
1% MQNNED in 0.100 M NaCl 16.117
1% MQNNED and 0.1% SDS / 0.9% Triton X-100 in 
0.100 M NaCl
59.261
1% DQNNED in 0.100 M NaCl 57.106
1% DQNNED and 0.1% SDS / 0.9% Triton X-100 in 
0.100 M NaCl
42.013
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The value of Dm. «pp increased after addition of the surfactant for both the 
Polyquatemium 10 and DQNNED polymers, the effect being more evident for the 
Polyquatemium 10 - mixed surfactant micelle ^ stem. The behavior of the MQNNED - 
mixed sur&ctant micelle complex was perplexing as the value of D#. ^  decreased by a 
factor of 2 after addition of surfactant implying an increase in the overall dimensions of 
the polymer • mixed surfactant micelle complex.
7,3.2 Temperature Dependence
The effect of temperature on the relaxation time of the polymers and the 
polymer-mixed surfactant micelle complexes was studied in the temperature range 25 - 
40°C (Figures 7.4 - 7.6). The relaxation time of aqueous solutions of polymers was not 
greatly affected by temperature. However, the relaxation time of aqueous solutions of 
Polyquatemium 10 - mixed surfactant micelle complexes was affected when the 
temperature was increased to 40*’C. This was indicated by both a bi-modal decay curve 
in plots of normalized g^ ’^ (t) versus log lo t and a change in the solution from clear to 
turbid. The relaxation times of aqueous solutions of both MQNNED and DQNNED - 
mixed surfactant micelle complexes were not affected by increasing temperature to 40°C 
as indicated by unimodal decay curves for plots of g "^ (t) versus log lo t and a uniform 
increase in relaxation times. The results of the temperature study indicate that aqueous 
solutions of Polyquatemium 10 - mixed surfactant micelle complexes exhibit a different 
temperature response than polymer - mixed surfactant micelle complexes formed with 
polymers synthesized in our laboratories. The slow mode in the Polyquatemium 10 - 
mixed surfactant micelle complex at 40°C may originate from the formation of
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Figure 7.4 : EfTect of Temperature on the Relaxation Rate of Polyquatemium 10
and Polyquatemium 10 - Mixed Micelle Complex: (A) aqueous solution 
of 1% Polyquatemium 10; (B) aqueous solution of 1% Polyquatemium  
10 /  0.10% SDS /  0.90% Triton X-100; The symbols indicate ▲ 25 "C;
□ 30 *C; and O  40 "C.
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Figure 7.5 : Effect o f Temperature on the Relaxation Rate of MQNNED and 
MQNNED -  Mixed Micelle Complex: (A) aqueous solution of 1% 
MQNNED; (B) aqueous solution o f 1% MQNNED /  0.10% SDS /  
0.90% Triton X-100; The symbols indicate A 25 "C; □ 30 **C; and 
O  40 "C.
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Figure 7.6 : Effect of Temperature on the Relaxation Rate of DQNNED and 
DQNNED - Mixed Micelle Complex: (A) aqueous solution of 1% 
DQNNED; (B) aqueous solution of 1% DQNNED / 0.10% SDS / 0.90% 
Triton X-100 The symbols indicate ▲ 25 "C; □ 30 °C; and O 40 °C.
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polyelectrolyte clusters (aggregates) resulting from either attraction between the 
polyions or from entanglement of the polyelectrolyte chains/^ The change in the 
solution from clear to turbid, which is visible to the naked ^ e , is an indication of the 
formation of larger particles.
In order to determine the origin of the slow mode in the Polyquatemium 10 - 
mixed sur&ctant micelle complex, the cloud point temperature was investigated. The 
cloud point is defined as the temperature at which an aqueous nonionic surfactant 
solution becomes t u r b i d . A  change in the cloud point has been used to determine 
the ef&ct of addition of electrolytes and ionic surfiictants on solutions of
nonionic surfactants. Valaulikar et al. and Q\i et al. attribute the increase in the
cloud point of Triton X-lOO upon addition of small amounts of anionic sur&ctant to an 
increase in the surface charge densi^ of the micelles. This interpretation implies that 
cloud point elevation is due to aggregation of the micelles as increased repulsion 
between micelles from addition of ionic surfactant makes it more difficult to cross the 
potential barrier.^ Gu et al. determined the cloud point of 1% Triton X-100 in the 
absence of both electrolyte and ionic surfactant to be 66.2 °C. It was shown that addition 
of 10 M (0.003%) SDS to a 1% solution of Triton X-100 increased the cloud point to 
approximately 77 °C. Further increases in the concentration of SDS caused the cloud 
point to increase asymptotically. These researchers went on to show that the addition of 
0.01 M sodium chloride to this solution decreased the cloud point to approximately 68 
“C.
The results of cloud point determination for the Polyquatemium 10 - mixed 
surfactant micelle complex used in the present study are given in Table 7.3. Despite the
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6ct that Gu et al. ^  reported no change in cloud point of 1% Triton X-100 when 0.01 
M NaCl was added to the solution, we observed a decrease of 7.2 "C when 0.1 M NaCl 
was added to a 1% solution of Triton X-100. This decrease was eliminated when 0.1% 
(3.5 • 10'^  M) SDS was added to the system as the minimum possible doud point was 
greater than 70 °C. The cloud point of the Polyquatemium 10 - mixed surfactant micelle 
complex was found to be lower than that of Triton X-100 alone by 16.4 "C. This result 
may indicate that the slow mode does not originate from the aggregation of the micelles, 
but rather from possible aggregation of the polymer - mixed sur&ctant micelle 
complexes. Polyquatemium 10 did not exhibit a cloud point in the temperature range 
studied. Therefore, the origin of the slow mode in the Polyquatemium 10 - mixed 
surfactant micelle complex may be attributed to aggregation of the polymer - surfrctant 
complexes.
Table 7.3: Cloud Point Data
Polyquatemium
10
(• /.)
SDS
(% )
Triton X-IOO 
(% )
NaCl
(M )
Cloud Point 
(oC )
MPCP*
(oC )
— 1.0 0.1 59.0 —
— 0.1 0.9 0.1 — >70
1.0 — — 0.1 — >70
1.0 0.1 0.9 0.1 42.6
* MCPC = minimum possible cloud point temperature
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7.4 CONCLUSIONS
The results of cumulant analysis o f the polymers and polymer • sur&ctant 
complexes indicated that both the Polyquatemhim 10 and Polyquatemium 10 mixed 
sur&ctant micelle ^sterns were effectively monodisperse. However, the systems of 
MQNNED, DQNNED, MQNNED mixed sur&ctant micelle and DQNNED mbced 
surfactant micelle complexes were polydisperse as determined from upward curvature in 
plots of the average decay rate versus at high q.
Temperature studies indicated that the aqueous solution of Polyquatemium 10 - 
mixed surfactant micelle complex exhibits a different temperature response than polymer 
- mixed surfactant micelle complexes formed with polymers synthesized in our 
laboratories. Therefore, polymer structure may play a role in aggregation phenomena of 
the polymer - mixed surfactant micelle complexes.
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8.1 INTRODUCTION
Sur&ctants and macromolecules Q.e. polymers and proteins) are widely used in 
the cosmetics and personal care industry. These components are used together in a 
variety of products, such as shampoos and hand lotions, to condition skin or hair. Their 
use is increasing as a variety of new 2 in 1 products (shampoos, bar soaps, sunscreens or 
hair colors) enter the market. Therefore, it is appropriate to study the interactions of 
these compounds.
8.2 INTERFACES
Every particle of matter possesses an interfiice at the boundary of its 
surroundings.^’*^  An interface is defined as the boundary between two phases that exist 
together. There are two groups of interfaces: liquid interfaces and solid interfaces. In 
this work, we are interested to study the behavior of liquid interfaces. Liquid interfoces 
can be divided into three categories: gas/liquid, liquid/liquid and solid/liquid. The study 
of interfacial phenomena is relevant to the cosmetics, pharmaceutical and medical 
industry as the properties of the molecules at the interface are often different fi*om those 
in the bulk of each phase. Interfacial phenomena affects the adsorption of drugs, 
penetration of molecules through biologic membranes such as the skin, emulsion 
formulation and stability, and human respiration.
8.3 SURFACE TENSION
Surface tension, the surface fi’ee energy per unit area, is the amount of work 
required to bring sufScient molecules to the surface fi*om the interior of the liquid to 
expand it by unit area at a constant temperature.^’^ ’*  ^ Molecules at the surface of the 
liquid have potential energies greater than those of similar molecules in the interior of the
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liquid/* Therefore, an amount of work equal to the difference in the potential energy 
must be ecpended to bring a molecule from the interior of the liquid to the sur&ce/* '*° 
The interfacial tension, y u for two pure liquids ^gure 8.1) is given by the 
following equation :
y i  y«. + Ybb - 2 y r t  ( * .1 )
and the interfacial free energy, E, is given by;
E = (Aaa'Aak) + (Abb*Aab) ~ Aw + Abb-ZAgb ( 8.2 )
If phase a is a gas then y i = y b as molecules in the gas phase are far apart.^
888e
Where
Figure 8.1: Interfacial Tension, y i, for Two Pure Liquids.
Certain molecules and ions when dispersed move of their own accord to the 
interface. The concentration at the interface then exceeds that in the bulk liquid. 
Therefore, the surface tension and surface free energy is reduced. This phenomenon is 
known as positive adsorption.* ’^**** Molecules and ions that are adsorbed at the interface 
are called surface active agents or surfactants.* ’^’* Depending on the structure of the 
molecule, the surfactant may be predominantly hydrophilic, lipophilic or balanced
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between the two. The amphiphilic nature of surfactant monomers (molecules) causes 
them to be adsorbed preferentially at the interface.
Surfactant molecules, such as SDS, when added to water orient themselves with 
the hydrophilic head group in the water and the hydrophobic tail in the air (Figure 8.2). 
A consequence of this orientation is that some of the water molecules at the interface 
will be replaced by hydrocarbon or other nonpolar groups. Since the interaction force 
between water molecules and nonpolar groups is less than that between water molecules, 
adsorption of surfactants at the interfiice results in reduced surface tension of the 
solution. Since air consists of mainly nonpolar molecules, surface tension reduction by 
surfactants at the liquid/gas inter&ce (L/G inter&ce) occurs. Therefore, the presence in 
the surfactant molecule of a hydrophilic and hydrophobic moiety is a necessary condition 
for the reduction of surface tension. The efficacy of the surActant varies with the nature 
of the solvent, temperature, electrolyte concentration, and amount of impurities or 
additives in the system.^
air
i  ' (!r 1 1 1 I I  1 1
- 0  liquid 
-0 or K
-o  h  
?  ?  ? ?
tTTT O O CT O Om
? ? ? ? ? ? ?
CMC
Figure 8.2; Orientation of Surfactant Monomers in Water.
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Surface tension plots for sui&ctant solutions exhibit a significant decrease with 
concentration initially, followed by a sharp break above which the surface tension 
remains essentially constant. The break is due to the fiarmation of surfactant clusters 
(micelles) and the break point is called the critical micelle concentration (CMC). Above 
this concentration, almost all of the added sur&ctant monomers are consumed in micelle 
formation and the monomer concentration does not increase appreciably. Therefore, the 
surface tension remains essentially constant above the CMC and can be related directly 
to the activity of the monomeric species in solution.
Any solute which has a positive adsorption at the interface will decrease the 
surface tension. Similarly, a component which has a negative surface excess can actually 
lead to an increase in sur6ce tension of the solvent. Since the changes in surface tension 
can be related to the activity of the monomeric surfactant species in solution, interactions 
of surfactant with other species which result in changes of monomer activity can be 
monitored.
8.4 THE WILHELMY PLATE METHOD
Many methods have been developed to determine surface tension of solutions, 
such as Wilhelmy plate, DuNouy ring, capillary rise, drop-weight, maximum bubble 
pressure, and sessile drop method. The Wilhelmy plate method, named after Ludwig 
Wilhelmy is a simple method to determine static (advancing and receding) and 
dynamic contact angles. When a liquid comes into contact with a solid surface, if 
sufficient tension exists then the liquid will wet the solid. The equilibrium condition for 
wetting of a solid surface by a liquid is a three phase equilibrium of liquid, solid and 
vapor (Figure 8.3). The intersection of the solid-liquid, liquid-vapor and solid-vapor
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interfaces is the equilibrium contact point. A force balance acts on this intersection and 
represents the surface tension. The balance equation for the contact angle, O, was 
determined by Young and Dupre
ysv - YsL = YlvCOS© (8.3)
Vapor
Liquid ^ lv
/  /  /  /éo^/*^sL sv
Figure 8.3: Drop of Liquid Wetting a Solid Surface.
The same concept holds true for a vertical solid surface contacting a liquid in a trough 
(Figure 8.4).
Ysv
Vapor
Solid
ir liquid
Y s l  Y l v
Figure 8.4: Drop of Liquid Wetting a Vertical Solid Surface.
The Wilhelmy plate method uses a force balance on a platinum plate of known 
dimensions which enters vertically into the wetting liquid (Figure 8.5)
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mg
Figure 8.5: Wilhelmy Plate and Forces Acting upon i t
The equation to balance the forces acting upon the plate is given as:
F - mg - P y c o s ©  + A (P ,  -  Pb) = 0 (8.5)
where F is the upward force holding the plate in a stationary position, m is the mass of 
the plate, g is gravitational force, P is the perimeter of the plate (the wetting length), y is 
the surface tension, O is the contact angle, A is the cross sectional area of the plate, P. 
and Pb are the hydrostatic pressure at the top and bottom of the plate, respectively. 
Therefore, A( P, - Pb ) is the buoyancy temt 
Combining the terms of Eq. 8.S yields:
F - m g  + A (P ,  - Pb) = Fwohctaqr = P y  COS 0  ( 8 . 6 )
y = F,rilhelaqr / P COS 0  ( 8.7 )
where F woheimy is the Wilhelmy force or measured force.
If the liquid is spread on to a roughened platinum plate, which is a high energy 
metallic surface, the contact angle may be assumed to be zero. Therefore, cos 0 = 1  and 
Eq. 8.7 becomes:
y = FwOhclmy / P ( 8*8 )
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8.5 SURFACE TENSION OF SURFACTANT SOLUTIONS
8.5.1 Surfactant Effîcienqr
Surâctant efficient is defined as the bulk phase concentration of surjetant 
required to reduce the surface tension of a solution by some significant amount.^ 
EfiScien^ is measured as the > logarithm of the bulk phase concentration of sur&ctant 
necessary to produce a decrease in sur&ce tension of 20 mN /  m. Reduction of surface 
tension depends upon the replacement of solvent molecules at the interface by surfactant 
molecules. Therefore, efficiency reflects the concentration of surfactant at the interface 
relative to that in the bulk solution.^ Efficiency can be determined by the ratio of the 
concentration o f surfactant at the interface, Ci, versus the concentration in the bulk 
solution, Cz
Efficiency = C i / Q  (8.9)
The relationship between Ci and Cz is;
Cl = ( l o o o r / d )  + Cz (8.10)
where d is the thickness of the interfacial region in cm and F is the surface excess 
concentration in moles/cm  ^ Therefore, Eq. 8.10 becomes:
Ci/Cz = ( lOOOr/dCz)  + 1 ( 8.11 )
When surface tension is reduced by 20 mN / m, the value of F is close to the minimum 
value and most of the surActant molecules are tilted to the interface.^
Assuming that the thickness of the interfacial region, d, is inversely proportional 
to the surface area per adsorbed molecule, az, then F / d may be considered to be 
constant.®* Therefore, C i  / C z  =  (  K i  /  C z  )  n  «  2 0  where K i  is a constant. Therefore,
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the bulk concentration of sur&ctant necessary to decrease the surface tension by 20 
mN/m is a measure of efiSciency.
Since Ci /  C2  = exp ( > A G / R T )  where A G is the free energy of transfer of 
a surfrctant molecule from the bulk of the liquid to the inter&ce, at II = 20 dynes / cm, 
this relationship may be expressed as:
logCi/Ci -  log ( K i / C 3 )n-M * ( - A G t r / 2 J 0 3 R T )  (8.12)
where A G n is the free energy of transfer from the imerior of the liquid to the interface 
a tn  = 20.
For an ionic surfrictant in aqueous solution, efiBcien^ increases as the length of 
the hydrocarbon chain is increased/* EfiBcien  ^ is increased by addition of a phenyl 
group to the hydrocarbon chain, increasing the binding of the surfactant counterion and 
the addition of water structure promoters such as ?^lose and fructose. Branching in the 
hydrocarbon chain of the surfactant and addition of water structure breakers such as N- 
methylacetamide decreases efBciency.**
8.5.2 Surfactant Effectiveness
Surfactant effectiveness is defined as the maximum reduction in surfece tension 
that can be obtained regardless of the bulk phase concentration of surfactant.^ 
Effectiveness can be measured by the amount of reduction obtained at the CMC, F c m c > 
since reduction of surface tension beyond the CMC is relatively insignificant.
The Krafit point, Tk, is the temperature at which the solubility of an ionic 
surfactant becomes equal to the CMC.^ The KrafiEl point fr>r SDS is 16"C.'*  ^ Above the 
Krafit point, maximal reduction of surface tension occurs at the CMC of the surfactant.
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At concentrations below but near the CMC, the interface becomes saturated with 
surfactant monomer.
Sur&ctant efifectiveness is dependent upon the sur&ce concentration of the 
surfactant at saturation adsorption, the logarithm of the CMC, and the logarithm of the 
efficiency Actor ( log (1 / Cz ) ) n-zo The larger the surface concentration attained by 
the surActant, the higher its CMC and the lower its bulk concentration required to 
decrease the surface tension by 20 mN /m, the greater the reduction of surface tension at 
the CMC
Effectiveness of ionic surActants is increased slightly by increasing the 
hydrocarbon chain length and increasing adsorption at the L/G interface via replacement 
of an inorganic surActant counterion with a straight chain, surface active counterion 
such as CioH2 iN(CH3 )3  Mutual neutralization of charge in the ion pair results in 
close packing at the interface and an unusually high effectiveness for reducing surAce 
tension.^ Compounds of this type are formed when long chain amines are added to 
anionic detergents for foam stabilization properties. The addition of neutral electrolyte 
to an aqueous solution of ionic surfactant increases effectiveness due to compression of 
the electrical double layer. Compression of the electrical double layer decreases the 
repulsion between ionic head groups on the surfactant monomers and results in closer 
packing at the L/G interAce.^
8.6 SURFACE TENSION OF MULTI-COMPONENT SYSTEMS
8.6.1 Uncharged Polymer and Sodium Dodecyl Sulfate
The properties of solutions containing both a polymer and a surActant have been 
explained by assuming the formation of a polymer-surfactant complex resulting from the
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binding of the surfactant ions onto the polymer chain/^ In the case of an uncharged 
polymer and charged surActant, hydrophobic bonding is the main force responsible for 
the interaction. Jones was one of the first investigators to study the interaction of an 
uncharged, weakly surAce active polymer and SDS by surface tension. He studied a 
system of polyethylene oxide, a water soluble polymer with no side group, and increasing 
amounts of SDS. Other studies used polyvinyl alcohol and polyvinylpyrrolidone which 
have polar side groups.
The surface tension plots of the mixed system were dififerent fi'om that of pure 
SDS. Two critical surfactant concentrations were noted (Figure 8.6). Ti is the 
concentration of SDS at which interaction first occurs. Tj is the concentration of SDS 
at which the polymer becomes saturated with surActant. After the sites on the polymer 
are saturated, the SDS monomer concentration will increase until micelles are formed at
<-p 9312 .
(mN/m)
CMC
Log SDS concentratioii
Figure 8.6: Surface Tension Plot for System of Uncharged Polymer and Anionic 
Surfactant.
From the results of this study, the assumption was made that surface tension is a 
sensor of the fi'ee surfactant concentration in solution, and the surface activity of the
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sur&ctant monomer exceeds that of the polymer surActant c o m p le x .T h e re f o re ,  
surface tension can be used as a method to monitor the concentration changes of 
uncomplexed surActant in mixed systems.
Since Ti occurs at a surfactant concentration less than the CMC of SDS, one can 
deduce that the polymer > surActant complex state is a more Avorable energy condition 
for SDS monomer than regular micelles.”  Ti is weakly dependent upon polymer 
concentration whereas, T% , which corresponds to the saturation of the polymer with
SDS monomer, is directly proportional to the polymer concentration.'^
Jones concluded that the two transition points separate a region of no
interaction between polymer and SDS, a region of approximately stoichiometric 
interaction of the species, and a region in which micelles begin to be formed.
The essential features of these surAce tension plots of uncharged polymer and 
charged surfactant are; 1.) Ti is weakly dependent upon polymer concentration except at 
low concentrations of polymer 2.) Ta ' is directly proportional to the polymer 
concentration 3.) the addition of salt decreases T% and its variation with polymer
concentration; therefore association occurs at lower concentrations of surfactant and 
4.) the initial constant surface tension, which implies constant SDS activity, is evident at 
increasing polymer concentrations.'^ ’ If the polymer is surAce active, the results are said 
to be more difficult to interpret.”
8.6,2 Charged Polymer and Sodium Dodeqrl Sulfate 
Goddard and coworkers have studied the interaction of
Polyquatemium 10 (i.e. JR400) with SDS using surface tension. Polyquatemium 10 is a 
quatemized hydroxyethyl cellulose derivative with the quaternary nitrogen located at the
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end of a flexible ethylene oxide graft.^ From these surface tension studies, it was 
determined that a cationic polymer and SDS produced a similar interaction zone as an 
uncharged polymer and SDS. However, the interaction zone was shifted to much lower 
surfactant concentrations for the cationic polymer and SDS than for uncharged polymers 
and SDS (Figure 8.7). From these studies, no interaction was detected between the 
parent polymer, hydroxyethyl cellulose, and SDS by surface tension method.” ’*®'*’’^®*’**’
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Figure 8.7: Surface Tension/Concentration Curves of SDS with and without 
Polymer JR400. The terms c, t, p, and sp refer to clear, turbid, 
precipitate, and slight precipitate, respectively. (Reproduced from 
Goddard, E. D. et aL,J. Soc. Cosmet Chem.^  26,461,1975. With 
permission.)
The essential features of the surAce tension plots of cationic Polyquatemium 10 
and SDS are; I .) a synergistic lowering of the surface tension at very low concentrations 
of SDS which implies the formation of a highly surface active polymer - surfactant 
complex; 2.) the persistence of a low surface tension even in the zone of high
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précipitation; and 3.) coincidence with the surface tension curve of SDS solution in the 
micellar r^on.*^*”  Goddard and coworkers ”  have explained these phenomena as the 
result of changes in surface active species present at the inter&ce due to the progressive 
uptake of the SDS by the polymer (Figure 8.8).
I
I
A Î A
k « a s
WITHPOIYMER
WITHOUT POUMER
PRECIPmmON 
I ZONE I
CONCENTRATION SURFACTANT-— —
Figure 8.8: Conditions in the Bulk and Surface of a Solution Containing a
Polycation (Fixed Concentration) and Anionic Surfactant. Full line is 
the hypothetical surface tension/concentration curve o f the surfactant 
alone; dotted line is that of the mixture with the poly cation. Simple 
counterions are depicted only in the surface zone. (Reproduced from 
Goddard, E. D., Polymer - surfactant interaction. Part IL Polymer and 
surfactant of opposite charge.. In: Interactions o f Surfactants with 
Polymers and Proteins, CRC Press, Boca Raton, 1993. With 
permission.)
This study of surface tension was extended to include various vinyl polycations.^ 
The results indicated that cationic charge centers located along the backbone give much 
lower surface tension values in the precipitation zone than other quaternary derivatives.
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Also, if the charge density was high, the precipitated material could not be resolubilized. 
In all cases, the presence of the polymer, which is itself weakly surAce active, produced 
a sharp decrease in surAce tension at SDS concentrations below the CMC.^ Adsorption 
of SDS decreased the solubility of the polymer and made it highly surface active at the 
L/G interAce therd>y producing a decrease in surface tension greater than that of SDS 
alone. Resolubilization of Ae complex caused the surAce tension to coincide wiA that 
of SDS alone b^ond Ae CMC. These studies imply that Ae formation of a highly 
surAce active macromolecular species wiA outwardly extended alkyl groups is 
responsible for surface activity in Ae precipitation region as represented (Figure 8.8).”  
An increase in foaming power of Aese solutions, which is a direct consequence of Ae 
increased surAce activity of Ae Polyquatemium 10 - SDS complex formed, was also 
observed.*^
8.7 EXPERIMENTAL
Solutions were prepared by addition of a concentrated polymer solution (1-3%) 
to a solution of SDS. The solutions were stirred and allowed to equilibrate overnight. 
Surface tension measurements were obtained wiA a Kruss K14 tensiometer using Ae 
Wilhelmy plate meAod at 20 i  0.5 **C. The tensiometer was calibrated wiA distilled, 
deionized water. The platinum plate was cleaned prior to use and between each 
measurement by flaming Ae surAce in a propane flame to remove surface deposits. All 
surAce tension measurements were made in triplicate and error bars are based upon 
Aese measurements.
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8.8 RESULTS AND DISCUSSION
8.8.1 EITect o f Polymer - Sodium Dodecyl Suifâte Complex on Surface
Tension
A plot of surface tension versus surâctant concentration exhibits a significant 
decrease with increasing concentration initially, followed by a plateau where the surface 
tension remains essentially constant. The plateau is due to the formation of surfactant 
clusters (micelles) and the break point is called the critical micelle concentration (CMC). 
Above this concentration, almost all of the added surfactant monomers are consumed in 
micelle formation and the monomer concentration does not increase appreciably. 
Therefore the surface tension remains essentially constant above the CMC and can be 
related directly to the activity of the monomers in solution. Any solute which has a 
positive adsorption at the interface will decrease the surface tension. Similarly, a 
component which has a negative surface excess can actually lead to an increase in 
surface tension of the solvent. Since the changes in surface tension can be related to the 
activity of the monomeric surfactant species in solution, interactions of surfactant with 
other species which result in changes of monomer activity can be monitored.
Using the Wilhelmy plate method, surface tension was studied as a function of 
surfactant concentration at fixed concentrations of polymer. The results for the 
interaction of Polyquatemium 10 and SDS are given in Figure 8.9. The polymer by itself 
is only slightly surface active at the air/water interface. The reduction in surface tension 
by a 0.1% Polyquatemium 10 solution is approximately 8 mN / m greater than that of a
3.5 • 10'^  M (0.001%) solution of SDS. This result agrees with a previously published 
result by Goddard and Hannan.’^
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Figure 8.9: Surface Tension o f Polyquatemium 10 - SDS Complexes, 
( a  ) 0.001% Potyquatemium 10 and SDS 
( b ) 0.01% Fofyquatemium 10 and SDS 
(  c ) 0.1% Polyquatemium 10 and SDS 
Symbols indicate: C = clear solution, H  =  hazy solution,
SP -  slight precipitate, and P =  precipitate.
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(Figure continued)
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The complex fonned by association of the negatively charged SDS monomers 
with the cationic polymer is bigh^ surface active (Figure 8.9) as shown by the reduction 
of sui6ce tension. This effect is especially pronounced at low concentrations of 
surfactant and high levels of polymer. A solution comprised of 0.1% Polyquatemium 10 
and 3.5 • 10 SDS reduced surface tension of water to the same extent as a 1.7 •  10* 
 ^M SDS solution. This reduction in surAce tension continues despite precipitation of 
the polymer surfactant complex and coincides with the curve for SDS as the complex is 
resolubilized at higher SDS concentrations where micelle formation occurs. This 
lowering o f the surface tension has been attributed to modification of the polymer by 
adsorption of SDS anions at the cationic sites (Figure 8.8).^  ^ However, any synergistic 
efi&ct is difiBcult to describe as the slope of the surface tension plots in the presence of 
polymer is governed by the fi’ee SDS monomer concentration, the activity of the polymer 
- surfactant complex and the amount of precipitate formed.
Surfactant efficiency, the concentration of SDS necessary to reduce the surface 
tension by 20 mN / m,^ is 1.7 # 10'^  M for solutions of SDS in water. In contrast, the 
efficiency of the 0.1% Polyquatemium 10 - SDS complex occurred at a surfactant 
concentration of 3.5 * 10*' M. Therefore, the complex is approximately 50 times more 
efficient in reducing surface tension than the surfactant alone. Surfactant effectiveness is 
defined as the maximum reduction in surface tension that can be obtained regardless of 
the bulk phase concentration of the surActant.^ Effectiveness is measured by the 
amount of reduction in surface tension obtained at the CMC of the surfiictant since 
reduction of surface tension beyond the CMC is relative^ insignificant. Efiectiveness for 
the polymer - surfactant complex is defined as the maximum reduction in surface tension
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that can be obtained regardless of the bulk phase concentration of the polymer and 
surfactant. Polymer - surActant complex efiActiveness is measured by the amount of 
reduction in surface tension obtained by the complex at the CMC of the surActant. The 
complex of 0.1% Polyquatemium 10 and SDS is more effective at reducing surface 
tension than SDS alone; whereas, solutions containing 0.001 and 0.01% Polyquatemium 
10 and SDS are slightly less effective at reducing surface tension than SDS alone.
In a similar manner (Figure 8.10), complexation of SDS with a slightly surface 
active monoquatemaiy polymer DQNNED) derived from carboxymethyl cellulose was 
studied. Large decreases in surAce tension at low concentration of SDS were observed. 
This effect also remained in the presence of precipiAted complex, and the curve 
eventually coincided with the surface tension curve for SDS as resolubilization of the 
complex occurred. Increasing the polymer concentration also produced greater 
decreases in surAce tension. The solution that produced the most efScient decrease in 
surface tension as compared to SDS was 0.1% MQNNED - 3.5 # 10'^  M SDS. A 
solution of 0.1% MQNNED - SDS was more effective at reducing surface tension than 
SDS alone. Solutions of 0.001 and 0.01% MQNNED and SDS were slightly less 
effective at reducing surface tension than SDS alone.
Finally, the effect of complexation of SDS with a slightly surface active 
diquatemary polymer (DQNNED) on surfrtce tension was studied. Initially, at low 
concentrations of surfactant and 0.1% polymer, surface tension decreased markedly 
relative to the surAce tension of the SDS solutions (Eugure 8.11). Again, the most 
efScient polymer - surfactant system observed contained 0.1% DQNNED and 3.5 • 10*^  
MSDS.
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Figure 8.10: Surface Tension o f  MQNNED - SDS Complexes. 
( a ) 0.001% MQNNED and SDS 
( b ) 0.01% MQNNED and SDS 
( c ) 0.1% MQNNED and SDS 
Symbols indicate: C = clear solution, H = haqr solution, 
SP = slight precipitate, and F -  precipitate^
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Regardless of polymer architecture, the solutions that contained 0.1% polymer and SDS 
were more effective in educing surAce tension than SDS alone. This result indicates 
that the ability of the polymer - surfactant complex to reduce surAce tension is 
dependent upon adsorption of the surActant monomer at the cationic sites on the 
polymer.
The observed decreases in surAce tension result from the formation of an 
insoluble surfoce active polymer - surfiictant complex which partitions at the air/liquid 
interface (Figure 8.12). Addition of increasing amounts of surfiictant results in further 
decreases in surface tension as the air/liquid interfile becomes saturated until a 
monolayer of surfactant is adsorbed by the polymer. Upon adsorption of a monolayer of 
surfactant, the polymer - surfactant complex precipitates maximally and surface tension 
increases. Beyond this point of maximum precipitation, surface tension again begins to 
decrease as the concentration of fi^ ee surfactant in solution controls the surface tension of 
the liquid. Surface tension of the polymer - surfactant solutions eventually coincides 
with the surface tension of the surfactant as the precipitated complex is resolubilized by 
formation of polymer bound micelles and fi*ee micelles.
8.9 CONCLUSIONS
When a slightly surface active polymer is added to a surfiictant solution, 
reduction of surface tension occurs due to formation of a highly surface active complex. 
The evidence of this complexation is the formation of an insoluble precipitate which is 
more efficient at reducing surface tension than the surfactant alone. The surface tension 
plots show evidence of three interaction zones corresponding to formation of the surface
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Figure 8.11: Surface Tension o f DQNNED -  SDS Complexes. 
( a ) 0.001% DQNNED and SDS 
( b ) 0.01% DQNNED and SDS 
( c ) 0.1% DQNNED and SDS 
Symbols indicate: C =  clear solution, H =  hazy solution, 
SP = slight precipitate, and P «  precipitate.
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active complex, precipitation of the complex due to adsorption of a monolayer of 
surfactant monomer, and resolubilization of the complex. The interaction zones are 
present regardless of polymer structure or charge density. The ability of the polymer - 
surjetant complex to reduce surâce tension appears to be independent of polymer 
architecture and dependent only upon adsorption of the sur&ctant species at the cationic 
polymer sites.
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9.1 INTRODUCTION
Foams have been known since the discovery was made that animal fats when 
mixed with ashes yield a product with the ability to cleanse clothing.Nature also 
makes use of foams for protection of immature insects such as the cuckoo-spit."^ 
Today, most people know what is a foam from simple every day ecperiences such as 
shaving, enjoying a cold beer, taking a bubble bath or watching the foam break as the 
waves hit the seashore. Industrially, foams have found use in fire extinguishers, gas- 
liquid extraction, fractionation, froth flocculation for the separation of minerals, retention 
of particulate matter in the air and in petroleum operations such as drilling of oil wells 
and enhanced oil recovery."^ The cosmetics industry in particular has made much use of 
foam technology in shaving creams, shampoos and detergents, bubble baths, mousses 
and toothpastes to name a few applications. It is the objective of this work to study the 
effects of water soluble quaternary compounds on foam stability as they are widely 
utilized in the cosmetics industry.
9.2 BUBBLES
Bubbles are spherical or hemispherical envelopes of liquid enclosing air.'”  In 
this work a bubble will be referred to as a spherical or near spherical thin layer (lamellae) 
of liquid enclosing a gas. The gas used may be air, nitrogen, carbon dioxide, propane or 
butane. The liquid layer can be water, a hydrocarbon or any other organic solvent.
9.3 FOAMS
Foams are simply aggregates of soap bubbles in a liquid matrix.'”  '^  They have 
also been described as relatively stable, coarse dispersions of gas in a small amount of
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The gas>tn-Iiquid dispersion must be stabilized by a surfactant.*”  Foam 
is produced when air or another gas such as propane or butane is introduced beneath the 
surface of a surfactant solution. The adsorption of the surfactant monomers on the 
liquid/gas sur6ce stabilizes the foam. Foam dissipates as the liquid drains away from the 
lamellae which surround the air globules until the film finally collapses.
Neither absolutely pure liquids ^*'* *”  nor mixtures of similar types of 
components produce foam.^ Foams must contain a third component which is surface 
active (capable of being adsorbed at the liquid/gas, UG, interface).’*'***’*” ’*’  ^ The 
presence of a surfactant produces lamellae that have an adsorbed monolayer of surfactant 
molecules on each side of the L/G interface. These adsorbed films increase resistance to 
thitming of the lamellae. Film elasticity, resistance to thinning, is a necessary condition 
for the production of foam. However, elasticity alone is not sufficient for production of 
a persistent foam. Persistent foams exhibit lifetimes of hours to days while effervescent 
foams have lifetimes of a few seconds to a minute.^
9.3.1 Thermodynamics of Foam
The requirement of a surfactant for foam production may be confirmed using a 
thermodynamic argument. Foams have surface area. This surface area is large enough 
to make a significant contribution to the total energy of the system. The Helmholtz 
fonction for foam includes the surface area. A, as an extensive variable (Eq. 9.1);
dF = -pdV - SdT + ydA + Zp« dm ( 9.1 )
where y is the surface tension of the liquid, p; and n; are the chemical potential and 
concentrations of the various components, respectively.*”
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Integration of Eq. 9.1 gives:
AF = rAA y  -pdV (9.2)
where AF is the change of the Helmholtz free energy at constant T, ni and %. Equation
9.2 indicates that a decrease of the free energy results from both expansion of the gas 
and reduction of surface area. This reinforces the concept that foam produced from a 
gas in a pure liquid is thermodynamically unstable.'^
There are three forms of surface active agent which may be used to produce 
foam. These are solutes, solid particles and liquid crystals. If the surfactant is a solute, it 
must be positively adsorbed at the L/G interface.*”  Otherwise, if a finely divided solid is 
employed, the particles must remain at the surface due to a finite contact angle with the 
liquid.*”  A liquid crystalline surfactant must exhibit a positive spreading coefficient in 
order to produce foam.*” **^  Addition of a third component at the L/G interface requires 
that work be done on the system in order to transfer the component out of the surface. 
Addition of a work term, W dennxioa, to the Helmholtz equation ( 9.2 ) yields:
AF = yAA j  -pdV + Wd«orp«o. (9.3)
where the first 2 terms are related to drainage of the liquid and diffiision of gas out of 
bubbles. The work of desorption may cause the fimction to have a positive value; 
however, experimentally, nearly all foams are thermodynamically unstable.*”
Although thermodynamically unstable, foam may be kinetically stabilized using 
the hydrodynamic factor and film strength factor. The hydrodynamic factor influences 
the rate of drainage of liquid from the film-forming lamellae and the capillary section of 
the Plateau borders. Hydrodynamic flow within the lamellae can be controlled by
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varying the fluid rheology and the foam geometry/^  ^ Interfkcial viscoelastic properties 
in dilution affect the film strength Actor as foam stability is affected by environmental 
disturbances/^' The film strength Actor gives self-healing ability to the lamellae which 
makes foam susceptible to environmental disturbances.
9.3.2 Structure
The structure of foam is quite complex. For a foam to exist there must be two 
contact phases present: the water below and Ae atmosphere above. Water provides a 
matrix for Ae foam and adheres Ae bubbles togeAer. Foam has three general 
components. These are Ae bubbles, Ae surfactant film surrounding Ae bubbles and Ae 
thin aqueous structure also containing surActant monomers (Figure 9.1).^ ^^ ’^ ^
continuous 
film
Figure 9.1: StrucAreof Foam.
9.3.3 Classification
Foams are classified as eiAer effervescent (Kugelschaum) or polyhedric 
(Polyederschaum) dependent upon Ae volume of gas contained in Ae bubbles and Ae 
bubble shape. Effervescent foams contain a small amount of gas in Ae bubbles and Ae 
bubbles retain a spherical s h a p e . P o l y h e d r i c  foams contain a high volume ratio of
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gas to liquid and the bubbles are deformed into a hon^comb structure.Polyhedric 
foam formation and stability is the focus of this work as th ^  have many cosmetic 
applications.
Polyhedric foam has a hon^comb structure of gas cells whose walls consist of 
thin liquid films with approximately plane parallel sides (lamellae) figure 9.2).^ '^  ^
Where three or more bubbles meet in space the lamellae are curved. These concave 
areas of the lamellae are known as the Plateau borders or Gibbs triangles.
Gibbs triangle 
or
Plateau *s border
gas ' gas
-A P
gas
Figure 9.2: A Polyhedric Foam.
Plateau’s laws are the two laws of bubble geometry that hold for all assemblies of 
bubbles and the morphology of foams. These laws are based on minimization of the 
surface area of liquid films. The laws are a direct result of the tension of the
liquid surfaces. Plateau’s laws are as follows: 1.) along an edge only three liquid 
lamellae meet, equally inclined, having dihedral angles equal 120° and 2.) at a point, four
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of the edges meet equally inclined at a tetrahedral angle. If the foam structure is 
disturbed by film rupture, the bubbles will rearrange in order to conform to Plateau’s 
laws-*"*'*”
The pressure difierence across the Plateau borders resulting fi*om the surface 
tension of the solution is given by the Laplace equation:
AP = y (  1 / r i  +  1 / r j  )  (9.4)
where n  and rz are the radii of the curved surface.^*”  The curvature of the lamellae is 
greatest in the Plateau borders. Therefore, the pressure across the interface is greater in 
these areas than anywhere else in the foam. Gas pressure inside an individual bubble is 
uniform whereas the liquid pressure inside the lamella at the Plateau border is lower than 
in the adjacent areas.^ This pressure difference causes drainage of the liquid fi'om the 
lamellae into the Plateau borders.*"* In a column of foam, drainage also results fi'om 
hydrostatic pressure. Therefore, the lamellae are thinnest in the upper region of the 
column and thickest in the lower region. Foams rupture as the liquid drains out of the 
lamellae which causes a progressive thinning of the lamellar surfaces. At a critical 
thickness o f50-100 Â the film collapses.^ '*"^*""
9.4 FOAM STABILITY
Foam stability is defined as the height of foam after a given amount of time.^ 
FoamabUity and foam stability of surfactant solutions have been shown to be influenced 
by many factors such as the rate of liquid drainage,*“ "*”  the rate of gas diffusion,*"^ *”  
the rate of adsorption of surfactant to the L/G interface,*"  ^ size of bubbles,*"^  surface 
tension,*"^ *“ '*^*“  viscosity electrolyte concentration,*®*'*“ ’*‘*^ presence of
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liquid crystals,*^ temperature,*” ’* ’^*** and pressure.*” ’**^ Foam stability has been shown 
to increase as bulk viscosity of the foaming solution and sur6ce viscosity of the 
adsorbed surfactant layer at the air/water inter&ce are increased due to close packing of 
the molecules.*** Foam stability tends to decrease as the size distribution of bubbles, 
surface tension of solution, area/molecule of surfactant molecule, and diffusion 
coefiQcient of gas through the liquid film increases.*” ’*” ’**^ *** Foam stability decreases 
in the presence of electrolyte, because the electrical repulsion between the ionic 
surfactant molecules at the interface decreases.*” ’**’
Nikolov and Wasan **^ observed stratification during thinning of liquid films 
formed firom micellar solutions of anionic surfactant. This thinning was attributed to the 
layer-by-layer removal of an ordered structure of micellar layers fi'om the film. The 
thickness of each thinning step was on the order of the diameter of the micelle together 
with the Debye atmosphere around it. The gradient of the chemical potential of micelles 
at the film periphery caused the stepwise thinning of the film.**^
Foamability, the volume of foam generated, has been reported to increase with 
temperature and decrease with the surface tension of the surfactant solutions.***’*™ Oh 
and Shah *** have shown that foamability of the micellar solution was influenced by the 
average lifetimes of the micelles. This occurs because micelles must be broken into 
monomer for adsorption onto the newly created surface of bubbles to occur.
Despite the fact that these factors have been studied separately, they are 
interdependent. There are four categories in which these factors may be primarily 
classified. These categories are the rate of drainage of the liquid, rate of gas diffusion, 
the thickness of the electrical double layer and surfactant chemical structure.
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9.4.1 Rate of Drainage of Liquid
Drainage rate is defined as the rate at which the liquid drains from a foam whose 
lamellae are not broken during the process."^ Drainage of the liquid contained in the 
lamellae causes thinning and leads to rupture of the foam. Gravi^ and surfoce tension 
cause the liquid to drain from the lamellae. However, the rate of drainage depends upon 
solution and surfoce v i s c o s i t y , t h e  surfiice tension of the solution ^  and repulsion of 
the lamellar f i lm s .T he  rate of drainage may be reduced by the addition of viscosifying 
agents which increase the bulk and surface v i s c o s i t i e s . D r a i n a g e  by surface 
tension difference depends upon existence of pressure differences at various points in the 
lamellae due to the existence of Plateau borders.^ The larger the difference between n 
and F2 (i.e. the larger the bubble size) and the higher the surfiice tension in the lamellae, 
the greater the pressure difierence. Therefore, the rate of drainage is increased by higher 
pressure differences resulting from to different size bubbles in the foam. The rate of 
drainage can also be reduced if the two films repel each other when they come close 
toge ther .Thi s  can be accomplished by the addition of macromolecules which can 
sterically stabilize foam by increasing the viscosity and by bridging.
9.4.2 Rate of Gas Diffusion
The rate of gas diffiision between bubbles is described by the following equation: 
q = -JAAP (9.4)
where J is the permeability of the diffusion path, A is the effective perpendicular area 
through which diffusion occurs between bubbles and AP is the pressure difference of the 
two bubbles i.e. AP = 2 y ( I /  ri - 1 /rz) and y is the surfiice tension of the solution.^ 
The negative sign indicates that gas diffusion is in the direction of pressure decrease
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since the gas pressure is less in large Therefore, large bubbles grow
at the expense of small bubbles. The rate of gas diffiision is decreased by increasing the 
packing of surfactant molecules,^  increasing the number of carbon atoms of the 
hydrophobic group, or decreasing the molecular weight of hydrophilic group.
9.4.3 Thickness of the Electrical Double Layer
For anionic surfoctants, electrostatic repulsion between two sides of the film and 
high osmotic pressure due to a large concentration of counterions present prevents 
thinning of f o a m s . T h e s e  factors have been suggested by the existence of 
persistent foams in cases where the film is not known to have great surface viscosity and 
is true of solutions of purified surfactants. When the film becomes thin, less than 200 
nm, stability results fi'om electrical repulsion between the double layers of the adsorbed 
ionic surfactant on the two sides of the film.** Addition of electrolyte causes 
compression of the electrical double layers and decreases the mutual repulsion which in 
turn decreases the stability.^’‘’*’‘“ ’*®’
9.4.4 Surfactant Chemical Structure
Foam stability is also determined by the nature and concentration of surfactant 
present in the solution."* For a liquid to foam the membrane at the L/G interface must 
be elastic such that any applied stresses tending toward local thinning or stretching of the 
membrane are opposed and balanced by restoring forces.^’*^* The restoring forces must 
increase with the amount of displacement. If the solution is too dilute, then the surface 
tension of the solution approaches that of the pure solvent.^ Therefore, the restoring 
force will be too small to withstand thermal and mechanical shocks. If the surfactant 
concentration is too far above the CMC, the change in surface tension with increase in
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area of the film will be too small to prevent rupture.^ This is due to the fact that surface 
tension does not change above the CMC. Consequently, elastic!^ is compromised at 
extremes of surfactant concentration. Therefore, an optimum concentration fi)r 
maximum foaming in any solution should edst. This maximum occurs at concentrations 
below the CMC of the surfactant.*’^
Gibbs elasticity is defined as the ratio of the increase in the film tension fi’om an 
infinitesimal increase in area and the relative increment is given by
E = dy /d ln A  = dy /  (dA/A) (9.5)
where E = elasticity.*’* Therefore, the greater the elasticity the more stable is the 
bubble.*’^  Comparing one surfactant to another, those that form the least compressible 
monolayers are the most efifective as bubble stabilizers.*’^
Surfactant efficiency is described as the bulk phase concentration required to 
produce a significant amount of fbam.^ Foam height generally increases with surfactant 
concentration below the CMC until the CMC is reached where foam height is maximized 
within a given chemical type.** Surfactants with low CMC’s are more efficient as 
foaming agents.**’*” ’**’
SDS has been extensively investigated with respect to its surface and micellar 
properties.*”  Few known measurements of Gibbs surface elasticity have been made in 
aqueous SDS solutions.*’* A maximum in foam stability occurs at a concentration of 
half the CMC (4 mM). The foam stability of SDS decreases to zero and reaches a 
second and higher maximum at a concentration above the CMC after which a decrease in 
foam stability occurs.*”
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Surfactant effectiveness is defined as the maximum fi>am height obtained with the 
surfactant solution regardless of its concentration.^ Effectiveness is dependent upon 
ability to reduce the surface tension of solution. The lower the surface tension, the 
greater the volume of foam of the same size bubbles is produced. For ionic 
surfactants, the effectiveness depends upon the type of counterion present. Smaller 
counterions have been shown to produce greater initial foam height and stability.^
9.5 ADDITIVES THAT STABILIZE FOAM
Additives may be used to increase foam stability. These additives increase foam 
stability by decreasing the rate of surface tension equilibrium, increasing mechanical 
strength via close packing of surfactant molecules or adsorption in monolayers to 
produce a foam which has extremely thin lamellae prior to rupture.^’* ’^*®*’^ ’^
Most effective for decreasing the rate of sur6ce tension equilibrium are long 
chain water insoluble polar compounds with straight chain hydrocarbon groups of 
approximately the same length as surfactant (i.e. dodecanol).^ '^ ^''^ ^ Studies on SDS 
have shown that addition of dodecanol increases foam stability by increasing the solution 
viscosity and decreasing the rate of drainage.
Sawyer and Fowkes have shown the order of susceptibility to stabilization as:
primary alltyl sulfates> 2-n-alkanesulfonates> secondary alltyl sulfates > 
alkylbenzenesulfonates > branched alltylbenzenesulfonates. Effective foam stabilizers 
lower the CMC of surfactants. Salts of long chain amines are effective stabilizers due to 
the strong electrical attraction between cationic and anionic surfactant forming a closely 
packed surface film.’*®
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Water soluble polymers, such as proteins or long chain solutes, which adsorb at 
the surface in coherent monolayers produce foams that can drain to extremely thin 
lamellae before rupture. They also increase the viscosity of the solution and in turn
foam stability by decreasing the rates of drainage and gas diffiision. Sarma et al. 
have shown that the addition of 0.75% sodium carboitymethyl cellulose (NaCMC) 
increases the drainage half life by greater than 10 fold. Further increases in the amount 
of NaCMC increased the drainage half-life. This is attributed to adsorbed layer 
possessing mechanical or flow properties that difibr from the bulk solution.
The role of polyelectrolytes and oppositely charged surfactants with respect to 
foam stability have recently been studied.*^ *®**^ * These studies indicate that the 
formation of surface active complexes has a profound eSect on both stability and 
foamability of SDS solutions.
9.6 EXPERIMENTAL
10 ml of each solution was prepared and placed in a glass-stoppered 25 ml 
graduated cylinder. The cylinder was shaken ten times by hand through an arc of 180 
degrees. The initial volume of foam produced was recorded and additional 
measurements were made at 30 minutes, 1, 6, and 24 hours following the method of 
Goddard and Haiman.^ ^
9.7 RESULTS AND DISCUSSION
9.7.1 Effect of Polyquaternium 10 on Foam Stability of Sodium Dodecyl
Sulfate
The foaming of solutions of polymers and sodium dodecyl sulfate (SDS) alone 
was studied in order to determine a baseline for foam height. The results ( Table 9.1 ) 
indicate that Polyquaternium 10 foams slightly as it is slightly surface active. Whereas
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Table 9.1: Foam Height of Polymer or Sodium Dodeq^l Sulfate Solutions
Polymer
%
SDS
%
initial
(mm)
30
mln.
(mm)
1
hour 
( mm)
6
hours
(mm)
24
hours
(mm)
0 10 117.5 ±10 92.5 ±8 87±7 69 ±0 0±0
0 1 84±6 72-5 ±3 57.5 ±3 44.5 ±3 16 ±1
0 0.1 93 ±5 66 ± 4 47.5 ±3 34.5 ± 5 9±1
0 0.01 4±1 2±  1 0.5 ±1 0 ±0 0± 0
0 0.001 1.5 ±1 1±1 0± 0 0 ±0 0± 0
Polyquaternium
10
1 0 6 ± 0 4± 0 3.5 ±1 3 ±1 0± 0
0.1 0 9.5 ±5 2.5 ±2 1.5 ±2 0.5 ±1 0± 0
0.01 0 3±1 l ± l 1± 1 0 ±0 0± 0
0.001 0 0± 0 0± 0 0± 0 0 ±0 0± 0
MQNNED
1 0 0±0 0± 0 0± 0 0 ±0 0± 0
0.1 0 0± 0 0± 0 0± 0 0 ±0 0±0
0.01 0 0± 0 0± 0 0± 0 0 ±0 0± 0
0.001 0 0± 0 0± 0 0± 0 0 ±0 0± 0
DQNNED
1 0 0± 0 0± 0 0±0 0 ±0 0± 0
0.1 0 0± 0 0± 0 0± 0 0 ±0 0± 0
0.01 0 0±0 0± 0 0± 0 0 ±0 0± 0
0.001 0 0± 0 0± 0 0± 0 0 ±0 0±0
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neither MQNNED nor DQNNED produced any foams, neither stable nor even 
metastable. Therefore, increases in foaming and foam stability for systems of cationic 
polymer and SDS can be attributed to the formation of the polymer - surfactant complex, 
or stabilization or enhancement of the adsorbed sur&ctant layer by the presence of the 
polymer. This result agrees with the findings of Ross and Nishioka who state that 
solvents that readily dissolve polymer (i.e. good solvents) do not make foamy solutions 
whereas solvents that dissolve polymer less readily (i.e. theta solvents) make foamy 
solutions. Declining interaction between solvent and polymer is said to lead first to 
enhanced surface activity as evidenced by increasing foam stability, followed by a severe 
reduction of solubility of the polymer that the foam stability is reduced due to the lack of 
concentration of the active component.
As the concentration of SDS was increased, the maximum initial foam height 
(foamability) also increased up to 0.1% SDS (3.S mM). Foam height then decreased 
slightly at 1% SDS given the standard deviations fi'om the measured foam heights 
observed. As the concentration was increased further to 10% (350 mM), the maximum 
initial foam height was observed. Foamability increases as surface tension decreases; 
therefore, solutions above the CMC should produce the greatest amounts of foam as 
surface tension is minimized. These results agree with results reported by Oh and Shah 
on the relationship between micellar lifetime and foamability. Their results indicate 
that micellar lifetime reaches a maximum at 200 mM SDS while foamability is minimized 
due to the stability of the micelles. At 800 mM SDS, micellar lifetime was minimized 
and foam height reached a maximum value. Therefore the most effective concentration 
of our solutions studied is 10% SDS which produced the maximum initial foam height.
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After 24 hours, foam stability, the maximum foam height obtained at a 
particular time, was produced by the 1% SDS solution. This result disagrees with 
previously reported results which indicate that a maximum in foam stability occurs at half 
the CMC for SDS (4 mM).^ ^^  Foam stabHiQr is then reported to decrease to zero and 
reach a higher maximum stability at concentrations greater than the CMC. These 
previous results for SDS were predicted using foaming of butyric acid as a model system 
and may be the cause of the discrepancy with our data.
Foaming of SDS solutions is expected to be influenced by the addition of a 
water-soluble polymer as changes in viscosity and surface tension accompany changes 
in foam s t a b i l i t y . G o d d a r d  and Hannan ^  have shown that addition of 
Polyquatemium 10 to SDS solutions (0.001 - 0.1%) had a profound efiect on foam 
stability after 30 minutes. The addition of 0.1% Polyquatemium 10 produced maximal 
increases in both foam height and foam stability.
For our studies, the concentration of Polyquatemium 10 and SDS was varied 
from 0.001 - 1% and 0.001 - 10%, respectively. Foam height and foam stability of the 
solutions were determined over the course of 24 hours. Initially, the overall maxima in 
foam height appears to be observed for the systems containing 0.001 - 1% 
Polyquatemium 10 and 1% SDS (Figure 9.3a). However, if the data are normalized to 
the amount of foam produced by SDS solutions alone (Figure 9.4), then maximal 
foaming occurs at low concentrations of SDS (0.001 - 0.1%).
Normalized foam height -  Foam height of solution with poivmer fmm)
Foam height of equivalent SDS solution (mm)
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Figure 9^ : Determination of Foam Height for Polyquatemium 10 and SDS
( a )  initial
( b ) 30 minutes elapsed 
( c ) 1 hour elapsed 
( d ) 6 hours elapsed 
( e ) 24 hours elapsed
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Figure 9.4: Foam Height Normalized for Amount of Foam Produced by SDS 
Alone.
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Table 9.2: Half-lives, Surface Tension and Specific Viscosity for Systems o f 
Pofyqnateminm 10 and SDS
Polyquatemium
10
%
SDS
%
slope =  k 
sec'*
time
sec hours
y@22*C 
mN /  m
T| spcdflc
0.001 0.001 -3.47 c-6 1.99 e5 55.49 64.80 -0.001
0.01 0.001 -7.70 e-6 9.00 e4 25.01 59.93 0.003
0.1 0.001 -2.26 e-6 3.06 e5 85.20 45.21 1.380
1 0.001 -1.00 e-5 6.93 e4 19.25 54.35 22.150
0.001 0.01 -1.30 e-5 5.33 e3 1.48 58.80 -0.001
0.01 0.01 -7.35 e-6 9.43 e4 26.20 51.50 0.002
0.1 0.01 -1.66 e-6 4.18 e5 116.23 46.36 1.840
1 0.01 -2.60 e-6 2.65 e5 73.62 41.00 77.800
0.001 0.1 -3.30 e-5 2.10 e3 0.58 31.40 -0.001
0.01 0.1 -4.00 e-5 1.73 e4 4.81 33.16 -0.140
0.1 0.1 -2.00 e-5 3.46 e4 9.63 38.38 N /A *
1 0.1 N /A N /A N /A N /A N/A**
0.001 1 -2.00 e-5 3.46 e4 9.63 37.66 0.580
0.01 1 -1.00 e-5 6.93 e4 19.25 38.37 0.580
0.1 1 -6.05 e-6 1.14 e5 31.82 36.39 0.250
1 1 -2.00 e-5 3.46 e4 9.63 39.40 43.850
0.001 10 -2.00 e-5 3.46 e4 9.63 33.71 0.924
0.01 10 -2.00 e-5 3.46 e4 9.63 34.53 0.970
0.1 10 -2.00 e-5 3.46 e4 9.63 32.49 1.790
1 10 -3.00 e-5 2.31 e4 6.42 32.46 33.430
N/A = not applicable
N/A * this solution contained precipitated material and could not be determined by Ubbelohde 
N/A ** this solution was a gel; therefore no determinations could be made
Addition of 0.1% Polyquatemium 10 produces the greatest increase in foam. 
This result agrees with the results reported by Goddard and Hannan for the same 
system.Foaming of higher concentrations of SDS is destabilized by the addition of 
Polyquatemium 10. Over time, the foam height for all solutions studied decreases
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(Figure 9.3a - e). After 24 hours elapsed, the solution containing 0.01% SDS and 0.1% 
Polyquatemium 10 contained the maximal amount of foam.
From the data the half-life, ti/2, may be determined from semi-logarithm plots of 
foam height versus time. The slope of these plots yields the rate constant, k, for foam 
stability. The half-lives were determined from the data (Table 9.2). Analysis of this data 
indicates that foam stability is greatest for the solution containing 0.1% Polyquatemium 
10 and 0.01% SDS as the half-lifo is approximately 116 hours (4 days, 20 hours, 14 
minutes). The solution that decayed most rapidly contained 0.1% Polyquatemium 10 
and 0.001% SDS having a half-lifo of 0.S8 hours.
For solutions containing 0.001 - 0.01% SDS and 0.001 - 0.1% Polyquatemium 
10, the foam stability as judged by Xm increased as surface tension, y, decreased and 
specific viscosity, q increased. This result agrees with previous results showing 
that increasing bulk viscosity and decreasing surface tension ‘"-‘59.i62.i66 pj-Q u^ce more 
stable foams. Increasing the viscosity by addition of polymer decreases the rate of liquid 
drainage in the lamellae thereby increasing foam s t a b i l i t y . T h e  lowering of 
surface tension as stability is increased is a result of bridging by polymer molecules which 
stabilize the foam.
All solutions containing 1% Polyquatemium 10 show a reduction in foam 
stability compared to the solutions containing similar amounts of surfactant. This is a 
result of the increased electrolyte concentration from the counterions associated with the 
polymer. The increase in counterion concentration decreases foam stability by 
compressing the electrical double layer.^’**’’*^ ’*”
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These results difiEër from the work of Goddard and Hannan who showed that 
maximum foaming was produced by solutions containing the maximal amount of 
precipitated material. We show that maximal foaming and foam stability occurs in those 
solutions nearest the plait point for the system Polyquatemium 10 /  SDS / water. The 
plait point is the composition in a three or greater component system at which the two 
phases form one phase. For our tystem, as represented by a two dimensional phase 
diagram (Figure 9.5), the plait point would be a composition bordering the transition
One t’hase One
Phase
73.62 N/A. 9.63 6.42
0.1
85.20 9.63 31.82 9.63
Polyquat 10,
0.01
25.01 19.254.81 9.63
55.49 1.48 0.58, 9.63 9.630.001
0.001 0.01 0.1 1 10
Sodium dodecyl sulfate, %
Figure 9.5: Phase Diagram and Foam Half-life for SDS /  W ater /  Polyquatemium  
10. Symbols indicate: O clear solution; #  precipitate; V slight
precipitate; A haqr solution; □ g el; Theoretical charge
neutralization; an d  Maximum precipitate observed.
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between dear one phase and hazy or predpitated two phase systems. This result agrees 
with the findings of Ross and Nishioka who state that surface activity is the 
precursor of phase separation and results in increasing foaminess of unsaturated 
solutions as th ^  approach the solubility curve, with maximal fiaaminess occurring near 
the plait point. The predpitated phase is purported to destroy the fijam of the parent 
phase if it is present as the dispersed phase or has a surface tension lower than the 
continuous phase. This thesis is obeyed for systems of Polyquatemium 10 / SDS as the 
half-life value decreases as the concentration of SDS increases. As the concentration of 
SDS is increased towards a critical point, the polymer is titrated out of solution by 
neutralization of the positive charges. Therefore, the polymer-surfkctant complex can no 
longer increase foam stability by its presence at the foam/liquid interface.
9.7.2 Effect to MQNNED on Foam Stability of Sodium Dodecyl Sulfate 
Similar to Polyquatemium 10, the concentrations for MQNNED and SDS were 
varied fi'om 0.001 - 1% and 0.001 - 10%, respectively. Initially, the overall maxima in 
foam height appears to be observed for the systems containing 0.001 - 1% MQNNED 
and 1% SDS (Figure 9.6a). However, when the data are normalized to the amount of 
foam produced by SDS solutions alone (Figure 9.7), the maximal foaming occurs at 
0.1% MQNNED and 0.01% SDS. The addition of 0.1% polymer again produced the 
greatest increase in foam. Foaming of SDS was again destabilized by the addition of 
MQNNED.
Over time, the foam height of all solutions was decreased (Figure 9.6a-e). 
After 24 hours, the solution containing 0.01% MQNNED and 0.1% SDS contained the 
maximal amount of foam. This is a 10 fold decrease in the amount of polymer required
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
159
Figure 9.6: Determination of Foam Height for MQNNED and SDS
(a )  Initial
( b ) 30 minutes elapsed 
( c ) 1 hour elapsed 
( d ) 6 hours elapsed 
( e ) 24 hours elapsed
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Table 9.3 Half-lives, Surface Tension and Specific VIscosiQr for Systems o f  
MQNNED and SDS
MQNNED
%
SDS
%
slope* k 
sec ^
time
sec hours
y@22*C
mN/m
T) ipcdflc
0.001 0.001 -8.00 e-S 8.66 e3 2.41 72.82 -0.001
0.01 0.001 -1.70 e-4 4.07 e3 1.13 61.24 0.033
0.1 0.001 -1.20 e-4 5.77 e3 1.60 43.04 0.210
1 0.001 N /A <1.80 c3 <0.5 50.73 1.760
0.001 0.01 -5.00 e-5 1.38 e4 3.85 53.58 -0.001
0.01 0.01 -5.00 e-5 1.38 e4 3.85 45.54 0.046
0.1 0.01 -8.87 e-6 7.81 e4 21.71 36.46 0.200
1 0.01 -7.59 e-6 9.13 e4 25.37 32.77 1.870
0.001 0.1 -5.36 e-6 1.29 e5 35.92 31.34 -0.022
0.01 0.1 -1.23 e-6 5.63 e5 156.54 31.13 0.020
0.1 0.1 -6.31 e-6 1.09 e5 30.51 27.86 0.280
1 0.1 -7.86 e-6 8.81 e4 24.50 29.88 N / A *
0.001 1 -3.13 e-6 2.21 e5 61.51 38.36 0.024
0.01 1 -1.00 e-5 6.93 e4 19.25 37.21 0.075
0.1 1 -1.00 e-5 6.93 e4 19.25 36.01 0.240
1 1 -5.11 e-6 1.35 e5 37.68 30.68 N / A *
0.001 10 -2.00 e-5 3.46 e4 9.63 34.80 0.850
0.01 10 -2.00 e-5 3.46 e4 9.63 34.36 0.088
0.1 10 -4.00 e-5 1.73 e4 4.81 34.33 1.080
1 10 -4.00 e-5 1.73 e4 4.81 31.87 4.240
N/A = not applicable
N/A * this solution contained precipitated material and could not be (ktennined by Ubbelohde
to stabilize 0.1% SDS. Therefore, a lower concentration of polymer is required to 
stabilize the same concentration of SDS when the polymer contains a positive charge 
closely associated with the polymer backbone per cellulose unit.
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Analysis of the half-life data (Table 9.3) indicates that foam stability is greatest for the 
solution containing 0.01% MQNNED and 0.1% SDS. The half^ life is 1S6.S4 hours (6 
days, 12 hours, 32 minutes). The solution that decayed most rapidly contained 1% 
MQNNED and 0.001% SDS having a half-life less than 0.50 hours. For all the solutions 
studied, the specific viscosity increased and sur&ce tension decreased as the 
concentration of MQNNED was increased. The systems nearest the plait point (Figure 
9.8), those containing 0.01 or 0.1% SDS, exhibited an increase in foam stability. This
One Phase, f - ----------—<
37.68 4.81
One Phase Two1
24.5025 J7<0.5
0.1 -ii-
MQNNED i 19.25 4.8121.71 30.51.60
0.01 -o----
19.25 9.633.85 156.541.13
61.51 9.633.85 35.92
U ?—
0.1
2.41
0.001 100.01 10.001
Sodium dodecyl sulfate, %
Figure 9.8: Phase Diagram and Foam Half-life for SDS / Water / MQNNED.
Symbols indicate: O clear solution; #  precipitate; V slight precipitate;
A hazy solution; □ gel;---------- Theoretical charge neutralization; and
 Maximum precipitate observed.
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result agrees with the work of Ross and Nishioka and indicates that maximal 
foaminess is reached near the plait point composition regardless o f rigidity of the 
cellulose graft.
9.7^  Effect o f DQNNED on Foam Stability of Sodium Dodecyl Sulfate
The effect of DQNNED on foam stabdiQr was studied as previously described for 
Polyquatemium 10 and MQNNED. The initial overall maxima in foam height was 
observed for solutions containing 0.001 - 1% DQNNED and 1% SDS, similar to the 
other two polymers (Figure 9.9a). The normalized foam height data shows that maximal 
foaming occurs at 0.01% DQNNED and 0.01% SDS figure 9.10). Addition of 0.01% 
DQNNED produced the greatest increase in initial foam height. However, the 
foamability of solutions containing DQNNED was significantly less than for the same 
solutions containing MQNNED.
After 24 hours, the solution containing 0.01% DQNNED and 0.1% SDS 
contained the maximum amount of foam (Figure 9.9a-e). This result is similar to the 
result produced by addition of MQNNED. The final foam height remaining after 24 
hours for this solution is approximately half that of the amount remaining in the same 
solution containing 0.01% MQNNED Therefore, a polymer containing two positive 
charges closely associated with the polymer backbone per cellulose unit does not 
improve foaming as well as its monoquatemaiy analog.
Analysis of half-life data (Table 9.4) indicates that foam stability is greatest for 
the solution containing 0.01% DQNNED and 0.1% SDS. The half-lifo was 33.54 hours 
(1 day, 9 hours, 32 minutes). This result is similar to the results for MQNNED; 
however, the same solution containing MQNNED had a half-life 4.7 times greater than
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Figure 9.9: Determination of Foam Height for DQNNED and SDS
( a )  initial
( b ) 30 minutes elapsed 
( c ) 1 hour elapsed 
( d ) 6 hours elapsed 
( e ) 24 hours elapsed
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Figure 9.10: Foam Height Normalized for Amount of Foam Produced by SDS 
Alone.
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Table 9.4 : Half-Uvcs, Surface Tension and Specific Viscosity for Systems of 
DQNNED and SDS
DQNNED
%
SDS
%
slop e»  k 
sec'*
time
sec hours
y@ 22'C
m N / m
Tf spcdflc
0.001 0.001 N / A <1.80e3 <0.5 73.15 -0.049
0.01 0.001 N / A <1.80e3 <0.5 72.68 0.020
0.1 0.001 N / A <1.80e3 <0.5 40.37 0.319
1 0.001 N / A N / A N / A 57.98 2.440
0.001 0.01 N / A N / A N / A 52.20 -0.049
0.01 0.01 -2.20 e-4 3.15 e3 0.88 61.31 -0.030
0.1 0.01 -2.00 e-5 3.46 e4 9.63 44.48 0.403
1 0.01 -7.00 e-5 9.90 e3 2.75 55.45 2.850
0.001 0.1 -3.00 e-5 2.31 e4 6.42 31.24 -0.049
0.01 0.1 -5.74 e-6 1.20 e5 33.54 34.20 N / A *
0.1 0.1 -2.00 e-5 3.46 e4 9.63 43.77 0.028
1 0.1 -3.00 e-5 2.31 e4 6.42 N / A N / A *
0.001 1 -1.00 e-5 6.93 e4 19.25 36.83 0.013
0.01 1 -1.00 e-5 6.93 e4 19.25 38.26 0.058
0.1 1 -1.00 e-5 6.93 e4 19.25 36.29 0.086
1 1 -3.80 e-5 1.82 e3 0.51 34.70 3.710
0.001 10 -2.00 e-5 3.46 e4 9.63 33.23 0.950
0.01 10 -1.00 e-5 6.93 e4 19.25 34.27 1.030
0.1 10 -2.00 e-5 3.46 e4 9.63 33.75 1.176
1 10 -8.38 e-6 8.27 e4 22.98 32.78 5.580
N/A = not applicable
N/A * this solution contained precipitated material and could not be determined by Ubbelohde
the half-life for DQNNED. This result indicates that the second positive charge on the 
graft does not contribute to increased foam stability. Solutions containing the lowest 
concentrations of SDS exhibited half-lives of less than 30 minutes. Additionally, two 
solutions did not foam.
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For all the solutions studied, sur&ce tension decreased and specific viscosity 
increased as the concentration of DQNNED was increased. The solutions nearest the 
plait point for the system DQNNED / SDS / water (Figure 9.11), those containing 0.01 
or 0.1% SDS, exhibited an increase in foam stability. This result agrees with the woric of 
Ross and Nishioka which indicates that maximal fisaminess is reached near the plait 
point composition in a three component ^stem. This result is true regardless of the 
rigidity of the graft on the cellulose backbone or the number of quaternary nitrogens 
located on the graft.
One PhaseOne Phase Two Phases
1 6 -
0.512.75 6.42 22.98
0.1 6 - 19.25 9.639.63 9.63E<0.5
DQNNED
0.01 6 -
33.54 19.250.88
'<0.5
0.01 0.1 1
9.630.001 (>- 
0.001 10
Sodium dodecyl sulfate, %
Figure 9.11: Phase Diagram and Foam HalMife for SDS /  W ater /DQNNED.
Symbols indicate: O clear solution; #  precipitate; V slight precipitate;
A hazy solution; □ g e l;----------- Theoretical charge neutralization for 1
S D S; Theoretical charge neutralization for 2 SDS; an d ---------
Maximum precipitate observed.
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9.7.4 Comparison of Effects on Foam Stability as a Result of Potymer 
Structure
The results of foamability are shown in Table 9.5 for the three polymers studied. 
The system containing Polyquatemium 10 which is quatemized hydroxyethyl cellulose 
requires more polymer to produce maximal foamability of SDS than does either 
MQNNED or DQNNED. Although these solutions produced the maximum initial foam 
height, th ^  were not the most stable over time (Table 9.6). Solutions exhibiting the 
largest half-life contained 10 times more SDS than those producing maximal initial foam 
height. Both MQNNED and DQNNED exhibited the greatest half-life at the same 
concentrations of polymer and SDS. The half-life for DQNNED was 4.7 times shorter 
than the similar MQNNED tystem. This indicates that the second cationic charge per 
graft reduces foam stability.
Table 9.S ; Maximal Normalized Foam Height (Foamability)
Polymer % Polymer/•/• SDS Normalized 
Foam Height
Polyquatemium 10 0.1%/0.001% 20.7
MQNNED 0.1% 70.01% 15.8
DQNNED 0.01%/0.01% 7.8
Table 9.6 : Half-life, Specific Viscosity and Surface Tension for Most Stable 
Solution
Polymer Polymer SDS 
% •/•
tK
(hoiws)
y@22*C
(mN/m)
n ipcdllc
Polyquatemium 10 0.1 0.01 116.23 46.36 1.840
MQNNED 0.01 0.1 156.54 31.13 0.020
DQNNED 0.01 0.1 33.54 34.20 N/A
N / A = not applicable as the solution contained precipitated material.
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9.8 CONCLUSIONS
The system containing Polyquatemium 10 requires more polymer to produce 
maximal foamability of SDS than does either MQNNED or DQNNED. Therefore, 
polymers containing a cationic charge closely associated to the polymer backbone will 
show improvements in initial foamability of SDS solutions. Although these solutions 
produce the maximum initial foam height, th ^  are not the most stable over time. A 
greater amount of SDS is required for the solutions to produce a stable foam. At the 
higher concentration of SDS, polymers containing a single cationic charge closely 
associated to the polymer backbone exhibit the most stable foams as the second cationic 
charge per graft appears to reduce foam stability.
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10.1 INTRODUCTION
10.1.1 Qaaternaiy Ammonium Compounds
The quaternaiy nitrogen functional group is an essential component in many 
biologically active compounds/"^ This moiety, found in B vitamins and enzymes, plays 
an important role in living processes.*** Four types of physiologic actions are associated 
with compounds containing quaternary nitrogens: curare like, muscarinic - nicotinic 
action, ganglia blocking and neuromuscular blockade.***
Quaternary ammonium compounds (quats) are products of a nucleophilic 
substitution reaction of all^l halides with tertiary amines. They have the general formula 
(Figure 10.1) where Ri, Rz, Rs, and R* are alkyl groups, and X is an anion, usually a 
halogen.
Rz
I
R i—-N'"— R4 X*
I
R3
Figure 10.1: Structure of a Quaternary Ammonium Compound.
Jacobs and Heidelberger were the first researchers to examine the structure, preparation 
and antimicrobial activity of quats, particularly hexamethylenetetrammonium salts. **^ *** 
Later, Browning et al described the antiseptic activity of quaternary derivatives of 
pyridine, quinoline and other ring structures.**®’*** In 1935, Domagk *®* disclosed
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antibacterial activity of long-chain quaternary ammonium salts. Therefore, the increased 
activity that occurs when a quaternary nitrogen is attached to a large aliphatic residue 
was established.
Since these eariy reports, six generations of quaternary nitrogen compounds have 
been developed. These generations are: 1.) standard benzalkonhim chloride; 2.) 
substituted benzalkonium compounds; 3.) dual quats; 4.) twin chain quats; S.) 60/40 
blends of the twin chain quats; and 6.) quaternary ammonium polymers.
Quaternary compounds are examples of surfoce active agents that in themselves 
possess antimicrobial activity.^ These compounds function by adsorbing on the bacterial 
cell surface. They bring about destruction by increasing the permeability of the lipid cell 
membrane. Death occurs through loss of essential cell materials. Both gram positive 
and gram negative bacteria are susceptible to quats.^  ^'^
Quaternary compounds are used in water treatment, as liquid laundry detergent 
sanitizers, in preoperative patient treatment for surgery and disinfection of surgical 
instruments. In the cosmetics and pharmaceutical industry, th ^  are used as 
preservatives for consumer products. They are disinfectants in the treatment of food 
contact surfoces, and are incorporated into latex paints as fungistats.
10.1.2 Quaternary Ammonium Polymers
There are different classes of synthetic and modified natural polymers exhibiting 
antimicrobial activity.*^ In these polymers, the active moiety can be part of the main 
polymer structure or chemically bonded to the polymer and released through hydrolysis. 
Polymers may contain the active site as part of the backbone, i.e. biguanides, (Figure 
10.2) or pendant away from the backbone chain, i.e. poly(ionenes) (Figure 10.3).
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—|7 c H2 >6 - NH - C - NH - C - NH I— ,
NH NH “]
Figure 10.2: Structure o f Bis(biguanide).
Ri Ri
— N ^ — Rz— N ^ — Rs—  X
L r . R, j
Figure 10.3: General Structure of a Poly(ionene) where Ri, R;, and Ra are allqrl 
groups, and X is an anion, usually a halogen.
Bioddal polymers have been divided into five classes: quaternary ammonium 
polymers, phosphonium polymers, halogenated polystyrene-divinylbenzene sulfonamides, 
N-halamine polymers and others.*^ These polymers have numerous potential 
applications in water treatment, health care and hygienic applications, coatings, textiles, 
disinfection of air and gas, and as preservatives.
Quaternary polymers are generally more active than their corresponding 
monomers, particularly against gram-positive bacteria. This effect is due to 
adsorption of the polymers onto the bacterial cell sur&ce and cytoplasmic membrane 
with subsequent disruption of its integrity. Antimicrobial activity increases as the 
content of the quaternary ammonium moiety increases.'*  ^ However, quaternary
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polymers have the disadvantage that they may difiUse through the cell wall, particularly 
with gram negative bacteria.
Ikeda and Tazuke have demonstrated the molecular weight dependence on 
antimicrobial action of polymers. These researchers have shown that an optimal 
molecular weight range exists. Kourai et aL have studied the structure - activity 
relationships for N-laurylpyridinium iodides. T h^ found that electron releasing groups 
on the pyridine nucleus, such as amino or methyl, increased activity while electron 
attracting groups, such as carbonyl or carbamoyl, decreased activity. The activity was 
linearly dependent on the electron density of the quaternary ammonium moiety.
10.1.3 Mechanism of Action
The mechanism of action for quaternary polymers has not been extensively 
s tu d ie d .H o w e v e r ,  polyquats are anticipated to interact with bacteria in a similar 
manner as non-polymeric quats and other cationic compounds. The mechanism of 
action is adsorption of the polyquat on the bacterial cell surface (Figure 10.4), diffusion 
through the cell wall and binding to the cytoplasmic membrane. Adsorption onto the 
bacterial surface interferes with permeability and transport across the cell membrane. 
This interference disrupts the cytoplasmic membrane and causes leakage of potassium 
ions and other low molecular weight cytoplasmic components. Leakage of 
macrocomponents of the cell and subsequent precipitation of the cell components 
follows the death of the microorganism. Polyquats having a higher molecular weight and 
multiple quaternary nitrogens exhibit increased activity as the charge density increases 
the attraction to the negatively charged cell membrane. Larger molecules are also 
thought to present a greater barrier to cell membrane transport processes.
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Granw
■Peptidogiycan
^Membrane 
]  Periplasm 
Lipopolysaccharide 
and protein
Figure 10.4: Adsorption o f a Polyquatemaiy Polymer on a Bacterial C elt
10.1.4 Microbial Metabolism
Microorganisms grow and multiply by using the materials in their immediate 
environment as food sources. Bacteria and fongi are widely distributed in nature, and 
there are few places on or near the earth’s surface free from contamination." Bacteria 
reside in many unlikely places, such as hot mineral springs, the effluents from gas works, 
stagnant salt lakes, and even in the essentially anhydrous environment of diesel foel.'^  
Nficroorganisms can not survive in a sterile environment or the interior tissues of healthy 
plants and animals.
The microorganisms use enzymes to carry out reactions. Some basic reactions 
that may occur are ; hydrolysis, dehydration, oxidation, reduction, decarborqrlation, 
deamination, phosphorylation and dephosphorylatioiL" In a product supporting the 
growth of different types of microorganisms, a variety of by-products will be produced 
and a certain amount of competition for essential nutrients will occur. The formation of 
acid end products and competition eventually limits bacterial growth. However, most
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organisms are capable of carrying out neutralizing reactions and some degree of 
stabilization of the environment will be achieved. The growth rate and variety of 
reactions which occur indicate the need for preservation from microbial spoilage.
10.1.5 Preservation of Cosmetics
Preservation is defined as the act of retarding or preventing the deterioration of a 
product from the time of manufacture until the consumer completely uses all of the 
product in the container. Many components used in the formulation of cosmetic 
products, such as fats, oils and surfoctants, are susceptible to biological degradation by 
microorganisms.’  ^ Preservatives are added to personal care products to inhibit the 
growth of bacteria, yeasts, or fungi, to increase the shelf life of the product, and to 
protect the consumer from infection. It is recognized that cosmetic products more so 
than pharmaceutical products are liable to consumer abuse.'^^ Preservatives defend a 
product from microbial spoilage by killing or inhibiting the growth of microorganisms. 
The growth of the microorganism is prevented by depletion of water and nutrient 
sources, and disruption of the cell membrane of the microorganism.
Preservatives are employed to prevent or reduce the growth of microorganisms 
contaminating the product after its manufacture. Optimally, products that contain 
preservative agents should self-sterilize within 24 hours. Products containing less than 
15% alcohol and which are in the pH range of 3 to 11 are subject to microbial spoilage. 
The amount of bacterial growth that will occur is determined by the pH, osmotic 
pressure, surface tension, and oxygen tension of the preservative system.*' Preservatives 
may fail when they are in insufficient concentration in the aqueous phase, interact with 
the ingredients of a formulation, or interact with the packaging components. A product
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is well preserved if it withstands a laboratory challenge test and resists microbial insult 
during manuâcture and consumer usage.
Normal healthy individuals have considerable resistance to infection by bacteria 
and fungi commonly found on their skin and in the environment.'^  In susceptible 
individuals, such as in&nts, the very old, and those in ill health, there is an increased 
probability of infection. A product may contain a growing bacterial population even if 
there is no visible evidence. Such a product placed in intimate contact with the skin, 
particularly if broken or damaged, may give rise to infection.^
Ideally, a preservative should be safe and effective in all types of products. The 
major requirements are: 1.) freedom from toxic, irritant, or sensitizing effects at use 
concentrations on skin, mucous membranes or in gastro-intestinal system; 2.) stable to 
heat and prolonged storage; 3.) compatibility with other formulation ingredients and 
packaging material; 4.) effective over a wide pH range; and have a suitable oil/water 
partition coefScient in order to have an effective concentration in the continuous 
phase.*’’*®^’^ ’”’*’® Unfortunately, no preservatives are available that exhibit all of the 
desired properties.*®® The extent of killing bacteria is governed by six factors: 
concentration of preservative, nature of bacterial cells and density, time of contact, 
temperature of the medium, pH and the presence of foreign matter.*'^  Many types of 
preservatives have been used in cosmetic formulations (Table 10.1).'*'^ Methylparaben 
(Methyl-4-hydro?^enzoate) is the most frequently used preservative.^ Mixtures of 
preservatives that are effective against different microorganisms are commonly used. 
Additionally, there are advantages to the use of combinations which act against not only 
a wide range of organisms but also act synergistically, such as imidazolinyl urea and the
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parabens.*  ^ Quats have been tested for irritation and sensitization properties, and, at 
concentrations below 0.1%, most appear to cause little or no irritation. However, most 
of the quats listed as preservatives are monographed only for use as conditioning agents 
in hair or skin products.
Table 10.1: Some Commonty Used Preservatives
Acms QUATS PHENOLS
/T-Hydioj^ benzoic add Benzethonium chloride Phenol
Benzoic add Benzalkonium chloride Cresol
Soibic add CeQrltrimetlqrl ammonium 
bromide
Chlorotfaymol
Dehydioaceuc add CeQrl pyridinium chloride Methylchlorotlgrmol
Formic add TetrametlylthiuramdisulGde Chlorobutanol
Salicylicadd Jmidazolidinyl urea o-Pheriylphenol
Boric add Dimetlqrldidodecet^ l arrunonium 
chloride
Parachlormetaciesol
Vanillic add
PASABENS
Parachlormetaxylenol
o.p-Chlorobenzoic add Methyl p-hydroj^benzoate P-Phenoj^ethylalcohol
Propionic add Etlqrl p-faydroxybenzoate Dichlorophene
Sulfurons add Propyl p-lqrdro)9benzoate Hexachlorophene
TrichlotopheiQrlacetic add Butyl p-hydioxybeazoatc Vanillin
METAL
CONTAINING
Beniqrl p-hydrmgbenzoate Ethyl vanillin
Sodium etl^l 2-Bromo>2>nitro-l,3-
mercurithimalicylate ANIUDES propanediol
PheiQrl mercury acetate Tetrachlorsaliqrianilide P-Phenoxypropylalcohol
PheiQrl mercury borate Trichlorcarbanilide Mbnometlqriol dimethyl 
hydantoin
Pheiqrl mercury nitrate Trichlorsalicylanilide
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10.2 EXPERIMENTAL
10.2.1 Test Organisms
The strains of bacteria used in this study were received directly from the 
American Type Culture Collection (ATCC) and consisted of Escherichia coli (£1 coli) 
2S922, Staphyhcoccus aureus (iSL aureus) 29213 and Pseudomonas aeruginosa (P. 
aeruginosa) 27853. The cultures were stored frozen in a solution of nutrient broth and 
glycerol in order to prevent mutation. The cells were maintained by growth of an culture 
overnight in 5 ml of nutrient broth. The next morning, 1 ml of the culture was 
resuspended in 25 ml of nutrient broth at room temperature and placed in a shaker- 
incubator for 4 hours at 150 rpm and 37 °C to ensure a cell density of at least 10* cells / 
ml in mid-logarithmic growth phase. The optical density (OD) of the cell solution was 
measured at 600 nm using a spectrophotometer. The suspensions were diluted with 
nutrient broth until the OD read 0.20 ± 0.01 for£. coli or P. aeruginosa and 0.40 ± 0.01 
for S. aureus. These OD readings correspond to concentrations of 10* bacterial cells / 
ml of nutrient broth. Aerobic plate counts (APCs) were performed in order to determine 
the size of each inoculum.
10.2.2 Preparation o f Nutrient Broth and Agar Plates
10.2.2.1 Nutrient Broth
Nutrient broth was prepared by dissolving 8 g of soy trypsin digest protein per 
liter of deionized water. The pH of the solution was adjusted to 7.2 ± 0.2 with 1 M 
sodium hydroxide. The nutrient broth was autoclaved prior to use.
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10.2.2.2 Agar Plates
Agar was prepared by dissolving 40 g of Tryptic Soy Agar per liter of deionized 
water. The pH of the solution was adjusted to 7.2 ± 0.2 with I M sodium hydroxide. 
The agar was autoclaved prior to use. Agar plates were prepared by pouring the hot 
autoclaved agar into gamma irradiated petri dishes. The dry agar plates were stored in a 
refiigerator prior to use in tests.
10.2.3 Test Solutions
Aqueous solutions of 0.2% (w/v) Methyl-4-hydro)^eozoate (methylparaben),
0.2% (w/v) 3-trimethylammooium-2-hydroxypropyl-NJ4-dimethylammoniumethyl
carbamoylmethyl cellulose chloride ODQNNED), 0.2% (w/v) methylparaben and 0.2% 
(w/v) DQNNED, and 0.002% (w/v) 3-trimethylammonium-2-hydroxypropyl-N-chitosan 
(CHI-Q188) were prepared with sterile deionized water. The pH of the solutions was 
adjusted to 7.0 ± 0.2 with 1 M sodium hydroxide. Sterile, deionized water was used as a 
control for the experiments. Solutions were stored at room temperature prior to use.
10.2.4 Test Methods
10.2.4.1 Minimum Inhibitory Concentration Test
The test used in this study was the Minimum Inhibitory Concentration Test 
(MIC). This is a general test that indicates the minimum concentration necessary to 
inhibit the growth of a population of microorganisms. The pathogen, E. coli, S. aureus 
or P. aeruginosa, is added to a small well containing the polymer of interest, phosphate 
buffer, and nutrient broth.
A range of eight concentrations may be tested at once so the minimum 
concentration at which the polymer will prevent growth can be determined. A
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concentration of 1 0 * bacterial cells / ml was studied in each test. The polymer 
concentration tested ranged from approximately 1600 tig /  ml to 2 /  ml. For each set
of tests there was a cell control and a polymer control. The well plates were incubated 
for 18 to 24 hours at 37 °C, the ideal temperature for microbial growth.
The cell well where the concentration of the polymer was effective at inhibiting 
growth will appear clear. The concentrations of the polymer at which growth occurs will 
appear cloudy (turbid) fi*om the large population of cells that have grown. The 
experiment was repeated several times, as indicated, to obtain a sufficient average value 
for the MIC. Cell wells were judged visually for clarity of the solutions.
10.2.4.2 Sterilization Times
A modified preservative efficacy test (PET) was used to determine 
sterilization times (STs) for the test organisms in aqueous samples. The inocula were 
prepared as described and added to buffered solutions of methylparaben, DQNNED, 
methylparaben and DQNNED, and CHI-Q188. The contents of test tubes were mixed 
using a Vortex Genie mixer. 100 of the room temperature samples were spread on 
agar plates at time intervals of 0 to 48 hours. Agar plates were incubated for 18 to 24 
hours at 37 °C. The agar plates were examined for growth of the test organisms, and the 
ST was determined to be the time at which test organisms were not recovered from the 
solutioiL When no endpoint was reached in the ST experiments, because the bacteria 
were still alive at 48 hours, the minimum possible ST ^dPST) was used. The MPST is 
defined as a time longer than the last time at which test organisms were recovered.^^
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10^ RESULTS AND DISCUSSION
10.3.1 Minimum Inhibitory Concentration
In this experiment, the antimicrobial activity of two polymers with quaternary 
ammonium groups located on polysaccharides versus metlylparaben was studied using 
the MIC test. Methylparaben (Figure lO.S) was chosen as a comparison with the 
quaternary polysaccharide polymers as it is the most frequently used cosmetic 
preservative.
-OHCH3 - O - C
Figure 10.5: The Structure o f Methylparaben.
The MIC results for methylparaben and the polymers tested are shown. The 
MIC for methylparaben was found to be 640, 800 and 1120 pg / ml for K coli, P. 
aeruginosa and S. aureus, respectively (Figures 1 0 .6 ). S. aureus which is a gram 
positive bacteria required twice as much methylparaben to inhibit growth as K coli or P. 
aeruginosa which are gram negative. The MIC of the first polysaccharide tested, 
DQNNED, which contains a quaternary nitrogen and carbamoyl group was found to be 
480, 480 and 1760 pg/ml for K  coli, P. aeruginosa and 5. aureus, respectively (Figure 
10.7). This polymer inhibited growth as well as methylparaben. In the case of S. aureus, 
approximately 3.6 times more DQNNED was required to inhibit growth as K coli or P. 
aeruginosa.
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Figure 10.6: MIC Test Results for Methylparaben (a) £  co/i and S. aureus; 
(b) P. aeruginosa.; n is the number o f MIC tests.
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Figure 10.7: MIC Test Results for DQNNED; (a) K  coli and S. aureus; 
(b) P. aeruginosa,; n is the number o f MIC tests.
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The MIC of the combinatioii of DQNNED and meth^paraben was found to be 
320, 160 and 800 pg / ml of each of the compounds for the inhibition of E. coli, P. 
aeruginosa and S. aureus, respectively ^gure 10.8). This effect of the combination of 
DQNNED and metl^lparaben on bacterial growth appears to be additive rather than 
synergistic. This result shows that a quaternary polymer may be incorporated into a 
product and contribute to the preservation of the product Therefore, quaternary 
polymers may have dual roles in formulation as rheology modifiers and preservatives.
The MIC of the second type of polysaccharide containing a quaternary nitrogen, 
CHI-Q188, was found to be 16 pg / ml for all three bacteria tested, & coli, P. 
aeruginosa and 51 aureus (Figure 10.9). This polymer is 40 times more effective against 
K  coli than methylparaben and 30 times more effective than DQNNED. CHI-Q188 is 
SO times more effective against P. aeruginosa than methylparaben and 30 times more 
effective than DQNNED. Similariy, CHI-Q188 is 70 times more effective against 51 
aureus than methylparaben and 110 times more effective than DQNNED.
The effectiveness of CHI-Q188 against both types of bacteria may be a result of 
the chitosan backbone itself. The lower molecular weight of this derivative in 
comparison with the cellulose derivative may allow more polymer molecules to adsorb 
on each bacterial cell thereby enhancing the activity. DQNNED, which has a carbamoyl 
moiety adjacent to the quaternary nitrogen, may have a lower activity due to the 
presence of this electron withdrawing group. It has been shown that electron 
withdrawing groups, such as carbonyl and carbamoyl, decrease the activity of certain 
antimicrobial agents.^
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Figure 10.8: MIC Test Results for Methylparaben and DQNNED; (a) £  coli 
and S. aureus; (b) P. aeruginosa,; n is the number of MIC tests.
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Figure 10.9: MIC Test Results for CU1>Q1S8: 
(  a  ) £1 C0 /Î ;
( b ) P. aeruginosa; and
( c ) &  aureus. 
n is the number of MIC tests.
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The unquatemized amînoalkylcarbamoyl cellulose and hydroxypropylchitosan 
derivatives did not exhibit antimicrobial activity. This result indicates that the 
antimicrobial activity is a result of the quaternary ammonium groups.
10.3.2 Sterilization Times
Sterilization times o f E. coli and S. aureus in solutions of methylparaben, 
DQNNED, and a mixture o f DQNNED and methylparaben were determined (Table 
10.2). The 2000 pg / ml methylparaben solution was not rapidly bactericidal as test 
organisms were recovered at 48 hours. This result agrees with the results of Orth et al.
for ST of E  coli and S aureus by a 0.2% aqueous solution of methylparaben. Neither 
the solution of DQNNED nor the mixture of DQNNED and methylparaben were rapidly 
bactericidal. Test organisms were again recovered in the solutions at 48 hours. This
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Table 10.2: Determination o f Sterilization Times o f Bacterial Species in
Methylparaben, DQNNED, and DQNNED and Methylparaben.
2000 f ig /ml  
Methylparaben solutions
Testorganian 0  hr 1 h r 2hr 4hr 24 h r 48 h r ST MPST
K  coli 25922 + + + + + +[12] — >48
S. aureus 29212 + + + +[61] +[28] — >48
2000 pg /  ml 
DQNNED solutions
Test organism 0  hr Ih r 2hr 4hr 24 h r 48 h r ST MPST
E  coli 25922 + + + + + + — >48
S. aureus 29213 + + . + + +[84] + — >48
2000 p g /m l
Methylparaben and 2000 
pg /  ml DQNNED solutions
Test organism 0  hr 1 hr 2hr 4 hr 24 h r 48 h r ST MPST
E  coli 25922 + + + + + +[24] — >48
S. aureus 29213 + + + + + + - >48
Sterile, Deionized Water 
(control)
Test organism 0  hr Ih r 2hr 4 hr 24 h r 48 h r ST MPST
E  coli 25922 + + + + + + — >48
S. aureus 29213 + + + + + + - >48
Explanation of symbols; +, growth on agar; - ,  no growth on agar; numbers in brackets ( 
i.e., [12] and [24]) indicate the mean number of colonies growing on agar. ST, 
sterilization time in hours. MPST, minimum possible sterilization time in hours. All 
solutions tested contained 3.2 ml of the antimicrobial agent(s) of interest which gives a 
final concentration of 1600 pg/ml of antimicrobial agent, 0.4 ml of SOmM phosphate 
bufifer which gives S mM phosphate bufifer after dilution, and 0.4 ml of 1*10^  bacterial 
colonies / ml which gives 1*10  ^colonies / ml after dilution. Tests were performed in 
triplicate using two diffèrent inocula; therefore, the data represent the mean values of six 
measurements. Aerobic plate counts (APC) of the inocula : E. coli 25922: 1 • 10^  / ml,
3.2 • 10^  / ml; S. aureus 29213 : 2.2 • 10* / ml, 2 • lO’ / ml.
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result is not surprising as quaternary polymers are known to be slow acting in killing 
microorganisms, and more biostatic than biocidalT^
Sterilization times of K  coli and £  aureus in solutions of CHI*Q188 were 
determined (Table 10.3). The 20 pg / ml CHI-Q188 solution was rapidly bactericidal as 
test organisms were not recovered at 2 hours. Sterilization times were determined as l.S 
hours îorEcoli and 30 minutes foe S. aureus.
Table 10,3: Determination o f Sterilôation Times o f Bacterial Species in CH1-Q188.
20 pg/m lCH I- 
Q188 solutions
Test organism Ohr 0.5 1 hr 1.5 2hr 24hr 48hr ST MPST
K  coli 25922 + +[10] +[4] — — N/A N/A 1.5 -
S. aureus 29213 +[13] — — — — N/A N/A 0.5 —
Sterile, Deionized 
Water (control)
Test organism Ohr 0.5 1 hr 1.5 2hr 24hr 48hr ST MPST
E  coli 25922 + + + + + + + - >48
S. aureus 29213 + + + + + + - >48
Explanation of symbols: +, growth on agar; - ,  no growth on agar; numbers in brackets (
i.e., [10] and [4]) indicate the mean number of colonies growing on agar. ST, 
sterilization time in hours. MPST, minimum possible sterilization time in hours. N/A = 
not applicable as sterilization time was reached. All solutions tested contained 3.2 ml of 
the antimicrobial agent(s) of interest which gives a final concentration of 16 pg/ml of 
antimicrobial agent, 0.4 ml of SOmM phosphate bufifer which gives 5 mM phosphate 
bufifer after dilution, and 0.4 ml of 1*10^  bacterial colonies / ml which gives 1*10^  
colonies / ml after dilution. Tests were performed in triplicate using two dififerent 
inocula; therefore, the data represent the mean values of sbc measurements. Aerobic 
plate counts (APC) of the inocula : E  coli 25922 : 9.4# 10^  / ml, 3.2 #10  ^/ ml; S. aureus 
29213 :1.3# 10^/ml, 2.2 #10^/ml
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10.4 CONCLUSIONS
The results of this study indicate the dual role that quaternary polymers may have 
in cosmetic products. T h^ potentially may be used as thickeners or conditioners, and 
they may also exhibit antimicrobial activity in the preservation of the cosmetic products. 
The hydroxypropyl trimetl^iammonium chitosan chloride derivative appears to be 
bactericidal %*ile the aminoalkylcarfoamoyl cellulose derivative, DQNNED, appears to 
be only bacteriostatic. The exact dif&rence between these two compounds is not 
completely understood at this point in time. However, we believe that it is either a 
molecular weight effect or the presence of the carbamoyl moiety in the DQNNED 
polymer. The chitosan derivative has a starting molecular weight of approximately
100,000 g/mol. Whereas the DQNNED has a starting molecular weight of 250,000 
g/mol. This difference in molecular weight may allow a higher concentration of CHI- 
Q188 to be adsorbed on the cell membrane thereby increasing the efSca^ of this 
compound. The carbamoyl moiety is electron attracting, therefore, it may reduce the 
efiScacy of this derivative. More work in this area should be done in order to investigate 
the effects of molecular weight, degree of quatemization, and inclusion of electron 
releasing or attracting groups on the efficacy of these compounds.
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11.1 INTRODUCTION
Deposition of compounds on human hair fibers is used extensively to modify the 
appearance, manageability and grooming style of hair.^ Scanning Electron Nficroscopy 
(SEM), optical microscopy and fluorescence microscopy have been used to determine 
the film properties of resins, substantivity, and deposition of polymers on hair and wool 
fibers/^"^" '^™* Wettability scanning has been used to provide information on the 
surface coverage along the length of a fiber.^ Microfluorometry has been used to scan 
the fluorescence intensity across or along a fiber to quantify the distribution of surface 
deposits on a relative basis.^
Typically, fluorescent probes have been used to qualitatively characterize the 
surface deposits on wool fibers Rothery and White have determined the
presence and distribution of polymers on wool fibers by staining the polymer treated 
wool fibers with a fluorochrome and observing the fibers by optical microscopy under 
ultra violet light. Unfortunately, many of the fluorescent probes used have not been 
selective in binding to either the fiber or the polymer. We have used epifluorescence 
microscopy and SEM to determine the binding of our polymers to hair fibers. The 
fluorescent probe employed was m-dan^laminophenyl boronic acid (Dansyl-BA) which 
is covalently bonded to the polymer. Using this method, the fluorescence detected may 
be attributed to the polymer bound dye.
11.2 BINDING OF POLYMERS TO KERATIN
There are three Actors that determine the binding of polymers to keratin: the 
affinity of the polymer for keratin, the binding interactions with the aqueous phase, and
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the divisibility of the ingredient into the hair/ Polymer-keratin afiBni  ^is influenced by 
polymer charge,^’ molecular size,^*^ isoelectric point of the hair/ pH of the 
surrounding medium,'^  formulation cotnpodtioa,^^^ and ingredients attached to the 
fiber surfoce/ The hydrophflichy or lydrophobicity of the polymer affects the binding 
interactions with the aqueous phase. Difiiision into the fiber is controlled by the 
molecular size of the polymer, pH, reaction temperature, and the past history of the 
keratin. ‘
Recently, it has been hypothesized that adsorption of a polymer onto keratin may 
proceed through two pathways: charge driven or hydrophobically driven.^  ^ Therefore, 
the adsorption process is viewed as a continuum between the two pathways as pH 
variation or structural modification of the polymer may change the mechanism of 
adsorption. At acid pH (pH < 3.6), the adsorption of cationic polymers is 
hydrophobically driven as the pH is near the isoelectric point of the hair. As pH 
increases above 3.6, the adsorption process becomes charge driven as the negative 
charge of the hair fiber increases with pH.
The types of bonding between polymers and keratin have been divided into three 
classes: primary valence bonds (ionic & covalent), polar interactions (hydrogen bonding) 
and van der Waals attractions.*’^  Cationic polymers, in particular, primarily bind to 
keratin through ionic bonds. This bonding is enhanced by van der Waals forces between 
the polymer and keratiiL* The strength of van der Waals bonding may approach that of 
ionic bonding in polymers as the total strength of van der Waals bonding is the sum of 
individual interactions and thus increases with the number of repeat units in the polymer.
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I I J  EXPERIMENTAL
113.1 Materials
The polymers were covalently labeled with at-dansylaminophenyl boronic acid 
(Dansyl-BA), catalog # D-2281, which was obtained from Molecular Probes (Eugene, 
Oregon). Dansyl-BA (Figure 11.1) is a unique probe that complexes with hydroxyl and 
amino groups to form cyclic complexes. In order to covalently bind the dye to the 
polymer, 0.5% aqueous solutions of the polymers were stirred in the dark over night 
with I • 10"* M Dansyl-BA. These solutions were then dialysed against distilled, 
deionized water to remove any unbound dye. Using this method, a minimal amount of 
the dye was covalently bound to the polymer. Any fluorescence detected could then be 
attributed to the polymer bound dye. Dansyl-BA (e = 4.6 • 10*^ ) absorbs light at 337 nm 
and emits fluorescence at 517 nm in methanol. The fluorescence intensity and peak 
emission are environmentally sensitive and dependent upon the reaction product.
N(CHj)j
B(OH)%
SOj-NH
Figure 11.1: Structure of in-Dansylaminophenyl Boronic Acid.
Virgin hair was obtained from a male volunteer, age 33. Hair fibers were 
shampooed with a 1% solution of sodium dodecyl sul&te, rinsed with copious amounts 
of distilled, deionized water and dried in an oven at 60°C. The fibers were assembled
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into 5 mg tresses and suspended into a solution. The tresses were treated for 5 minutes 
at room temperature in a gentty stirred solution. The solutions contained either 0.4% 
polymer and 1 •  10** M Dansyl-BA (fye or 0.4% polymer, 1% SDS and 1 • 10  ^M 
Dansyl-BA dye. After treatment, the fibers were rinsed with copious amounts of 
distilled, deionized water and dried in an oven at 60**C. A small portion of the fibers was 
removed for use in microscopy studies.
113 J1 Equipment
A Nikon MICROPHOT-FXA equipped with a 40X objective and lOX oculars 
(total magnification of 400)Q was used for epifluorescence microscopy. Photos were 
taken with TMAX 400 film, ASA 400. The photos were developed with TMAX 
developer in a ratio of 1:4. Digital images were also collected and saved as TTFF files 
which were viewed using Lviewpro software.
Samples were cut from the treated fibers and coated for Scanning Electron 
Microscopy (SEM). An Edwards S-150 Sputter Coater was used to coat the fiber with 
a gold-platinum (40/60) alloy. Approximately 200 A of coating was applied per sample 
at 10 milliamps for 2 minutes in order to stabilize the samples. A Cambridge Stereoscan 
260 Scanning Electron Microscope was used to produce photographic and digital images 
of the fiber samples. The SEM power was 9 kV, using a working distance of 10 -15 
mm. The filament was fiiUy saturated.
11.4 RESULTS AND DISCUSSION
11.4.1 Epifluorescence Microscopy
The results of fluorescence microscopy are shown in Figure 11.2a-g. All the 
polymers and polymer - SDS solutions tested appear to uniformly coat the hair fibers as
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Figure 11.2: Characterization o f the Deposition o f Polymers on Hair Fibers Using 
Epifluorescence Microscopy
( a )  hair fiber treated with Dansyl-BA dye (control)
( b ) hair fiber treated with Dansyl-BA labeled Fotyqnaterninm 10 
(0.4% polymer)
( c ) hair fiber treated with Dansyl-BA labeled Polyqnaterninm 10 
and SDS (0.4% polymer, 1% SDS)
( d ) hair fiber treated with Dansyl-BA labeled MQNNED 
(0.4% pofymer)
( e ) hair fiber treated with Dansyl-BA labeled MQNNED and SDS 
(0.4% polymer, 1% SDS)
( f  ) hair fiber treated with Dansyl-BA labeled DQNNED 
(0.4% polymer)
( g ) hair fiber treated with Dansyl-BA labeled DQNNED and SDS 
(0.4% polymer, 1% SDS)
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(a)
( b )
(Figure continued)
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( c )
( d )
(Rgure continued)
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( e )
( f )
(Rgure continued)
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(g )
determined from the homogeneous fluorescence of the samples. Figure 11.2a shows the 
control whkh was a fiber treated with Dansyl-BA (10"* M). The hair sample was 
determined to be undamaged as no sharp demarcation of the cuticle scales was observed. 
A sharp demarcation of the edged of cuticle scales in the form of a honeycomb pattern 
which is associated with fiber damage was reported by Weigraann et al.}'^ The 
fluorescence intensity for fibers treated with solutions of polymer and SDS (Figure 11.2 
c, e, and g) appears to be slightly more intense than for samples treated with the polymer 
solutions (Rgure 11.2 b, d, and 0- However, this result can not be verified as changes in 
fluorescence intensity along the fiber was not measured in this study.
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11.4.2 Scanning Electron Microscopy
The image of an untreated hair fiber (Figure 11.3a) shows the fiber to be 
undamaged as the cuticle scales are flat in a downward overlapping manner and have 
sharp edges. There appears to be a small amount of contamination present on this 
sample by dust particles D^ch appear as brightfy defined artiâcts. When anatyzed using 
backscattering, the dust particles emitted a scattering pattern while the fiber itself was 
essentially invisible.
The fiber sample treated with 0.4% Polyquatemhim 10 appears to be unevenly 
coated as seen by lotion like deposits (Figure 11.3b). These deposits run in a downward 
manner. Other portions of the fiber appear to be more homogeneously coated with the 
adsorbed polymer as evidenced by a softening of the cuticle scale edges in the upper 
portion of the image. The sample which was treated with 0.4% Polyquatemhim 10 and 
1% SDS also appears to be unevenly coated by the adsorbed polymer - SDS complex 
(Figure 11.3c). The evidence of uneven adsorption is the formation of rod-like crystals 
on the fiber surface which is easily seen in the bottom right of the image. The formation 
of these crystals may result fi'om the strong binding of Polyquatemium 10 to the hair 
fiber. Polyquatemium 10 has been shown to bind strongly to keratin, and repeat 
applications result in soiling of the fiber due to buildup in deposit thickness.^^ This 
crystal formation may play a role in the difficulty in desorption of the Polyquatemium 10 
-SDS complex fi’om the fiber and may promote subsequent buildup (soOing) of the fiber 
by repeated adsorption at these sites.
Fiber samples treated with MQNNED, MQNNED - SDS, and DQNNED appear 
to be uniformly coated with the adsorbed polymers and polymer - SDS complex (Figure
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Figure 11.3: Chanicteiiuition o f the Deposition o f Polymers on Hair Fibers Using 
Scanning Electron Microscopy
( a ) untreated hair fiber (control)
( b ) hair fiber treated with Polyquatemium 10 (0.4%  polymer)
( c ) hair fiber treated with Polyquatemium 10 and SDS 
(0.4% polymer, 1% SDS)
( d ) hair fiber treated with MQNNED (0.4% polymer)
( e ) hair fiber treated with MQNNED and SDS 
(0.4% polymer, 1% SDS)
( f  ) hair fiber treated with DQNNED (0.4% polymer)
( g  ) hair fiber treated with DQNNED and SDS 
(0.4% polymer, 1% SDS)
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(Rgure continued)
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( e )
( f )
(Rgure continued)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
212
(g )
11.3d, e and f)- Uniformity of the adsorbed layer is determined by a softening of the 
cuticle scale edges as compared with the untreated fiber. The hair fiber which was 
treated with DQNNED and SDS appears to be unevenly coated with the polymer- 
surfactant complex as bright artifacts appear in the image (Figure 12.3g). This artifact 
may be a result of the formation of DQNNED-SDS crystals or microgels which adhere 
to the fiber surface. Contamination of the sample by dust particles was ruled out as a 
possibility due to the uniformity of the artifact shape.
11.5 CONCLUSIONS
Epifluorescence microscopy and SEM show that the hair fibers are undamaged 
prior to treatment due to the uniformity of fluorescence intensity and appearance of the 
cuticle scales in the SEM images. Epifluorescence indicates that the fibers are 
homogeneously coated regardless of the treatment applied. However. SEM shows the
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fibers treated with either Polyquatemium 10, Polyquatemium 10 - SDS, or DQNNED - 
SDS to be unevenly coated. The evidence of this inhomogeneity is the formation of 
lotion-like deposits, crystals and possibly microgels on the fiber surface. The fibers 
treated with either MQNNED, MQNNED - SDS, or DQNNED are uniformly coated 
with the adsorbed polymer or polymer - sur&ctant complex. The evidence of 
homogeneous adsorption is the unifisrm softening of the cuticle scale edges and absence 
of artifacts in the SEM images.
Future studies should include the determination of the nature or degree of surface 
modification of the fibers by the polymers and polymer - sur&ctant complexes, the film 
properties of the deposited resins, and the desorption characteristics of the polymers. 
Changes in fiber wettability should be determined as wettability affects the performance 
of the deposited resins. The hold performance of the resins and strength of the junctions 
formed should be investigated.
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We have prepared aminoalkylcarbamoyl cellulose derivatives where the amino 
functional group is still accessible to modification by quatemization. Quatemization with 
either iodomethane, or hydroxypropyl trimetlylammonium chloride, or epichlorol^drin 
and dimethylamine yields water soluble polyquatemary ammonium salts of various 
degrees of quatemization. The solution properties of these compounds have been 
investigated in order to determine the utility in cosmetic formulation. Comparison of 
these quaternary aminoall^lcarbamoyl cellulosic and chhosan derivatives by viscosity 
indicates that the derivatives containing a low number of cationic charges per graft and 
shorter graft length have the highest viscosifying power. The diquatemary polymer, 
DQNNED, exhibited the highest viscosity of all the polymers studied. This high 
viscosity remained unaffected by the addition of increasing amounts of ethanol. These 
results indicate that DQNNED appears to be a potential improvement over 
Polyquatemium 10 and the other monoquatemary polymers studied. This effect may 
allow for lower concentrations of both polymer and ethanol to be utilized in cosmetic 
formulation. Future studies might include the ef&ct of added low molar mass (LMM) 
electrolyte on the viscosity of these systems. Added electrolyte will screen the charges 
and should result in a reduction of viscosity. The effea of valency of the added 
electrolyte on viscosity should also be investigated.
The interaction of mono and diquatemary aminoallgrlcarbamoyl cellulose 
derivatives with sodium dodecyl sulftte was studied, and the behavior was compared 
with Polyquatemium 10. Solubility studies indicated that all three polymers precipitate 
at their respective theoretical charge neutralization ratios when the concentrations of
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polymer and anionic surâctant are greater than 0.010%. However, at polymer 
concentrations less than 0.010%, a minimal fixed concentration of sodium dode<yl 
sulfate is necessary to precipitate the complexes. The magnitude of the fixed 
concentration decreases as the charge density o f the polymer increases.
For the polymer - mixed surfiictant micelle complexes studied, the critical mole 
Section of anionic sur&ctant necessary to cause precipitation appears to be dependent 
upon both flexibility of the polyelectrolyte and the number of charges on the graft. 
Below the critical overlap concentration, a flexible polyelectrolyte will support a higher 
micelle charge density than a semi-rigid polyelectrolyte. Above the critical overlap 
concentration, where intermolecular interactions predominate, a monoquatemary 
polyelectrolyte will support a higher charge density than its diquatemary analog 
regardless of the fl&dbility of the polyelectrolyte.
Changes in the vibronic fine structure of the pyrene fluorescence intensity spectra 
indicated that the micellar regions formed in the polymer-surfactant complexes were 
more hydrophilic than micelles formed in the absence of polymer. This result is 
independent of polymer concentration. At low concentrations of polymer (c < c*) and 
surfactant (Cs > Cm), this result is consistent with the concept of smaller micelles being 
bound along the polymer strand. For smaller micelles, one would expect the water 
penetration to be greater so that the pyrene would encounter more of the polar palisade 
layer of the micelle and the water associated with this layer. At high concentrations of 
polymer (c > c*) and surfactant (Cs » >  Cm), the similar values of Ii/Is for both 
surfactant solutions and polymer - surfactant complex solutions indicate that the interiors 
of the polymer bound surfactant clusters and normal micelles have almost equal polarity.
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The results of cumulant analysis of the polymers and polymer - sur&ctant 
complexes indicated that both the Polyquatemium 10 and Polyquatemium 10 mixed 
surfactant micelle systems were monodisperse. However, the systems of MQNNED, 
DQNNED, MQNNED mixed sur&ctant micelle and DQNNED mked sur&ctant micelle 
complexes were pofydisperse as determined from upward curvature in plots of the 
average decay rate versus q^  at high q. Temperature studies indicated that the aqueous 
solution of Polyquatemium - mixed sur&ctant micelle complex exhibited a different 
temperature response than polymer - mixed surfactant micelle complexes formed with 
polymers synthesized in our laboratories. Therefore, polymer structure may play a role 
in aggregation phenomena of the polymer - mixed sur&ctant micelle complexes.
Plots of sur&ce tension versus surfactant concentration show evidence of three 
interaction zones corresponding to formation of the surface active complex, precipitation 
of the complex due to adsorption of a monolayer of surfactant monomer, and 
resolubilization of the complex. The interaction zones are present regardless of polymer 
structure or charge density. The ability of the polymer - sur&ctant complec to reduce 
surface tension appears to be independent of polymer architecture and dependent only 
upon adsorption of the surfactant species at the cationic polymer sites.
Foam studies indicated that the system containing Polyquatemium 10 requires 
more polymer to produce maximal foamability of SDS than does either MQNNED or 
DQNNED Therefore, polymers containing a cationic charge closely associated to the 
polymer backbone will show improvements in initial foamability of SDS solutions. 
Although these solutions produce the maximum initial foam height, they are not the most 
stable over time. A greater amount of SDS is required for the solutions to produce a
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Stable foam. At the higher concentration of SDS, polymers containing a single cationic 
charge closely associated to the polymer baclAone exhibit the most stable foams as the 
second cationic charge per graft appears to reduce foam stability.
Future studies of the interaction of these polyquats with surfoctants should 
include the use of turbidhnetric techniques to determine solubility as certain 
compositions may produce microemulsions which would be impossible to detect 
otherwise. Microscopy should be used to investigate the systems which formed gels as 
liquid crystal systems may be present. The addition of LMM electrolyte and effect of 
LMM valency should be studied as addition of salt weakens the binding of the polymer 
to the surfactant and should produce changes in the phase diagram. Emulsions should be 
made and the mechanism of émulsification should be determined both above and below 
the critical overlap concentration.
The results of an antimicrobial activity study indicate the dual role that 
quaternary polymers may have in cosmetic products. T h^ potentially may be used as 
thickeners or conditioners, and they may also exhibit antimicrobial activity in the 
preservation of the cosmetic products. The hydro^^ropyl trimethylammonium chitosan 
chloride derivative appears to be bactericidal while the aminoalkylcarbamoyl cellulose 
derivative, DQNNED, appears to be only bacteriostatic. The exact difference between 
these two compounds is not completely understood at this point in time but should be 
investigated. We believe that it is either a molecular weight effect or the presence of the 
carbamoyl moiety in the DQNNED polymer. The chitosan derivative has a starting 
molecular weight of approximately 100,000 g/mol. Whereas the DQNNED has a 
starting molecular weight of 250,000 g/mol. This difference in molecular weight may
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
219
allow a higher concentration of CHI-Q188 to be adsorbed on the cell membrane thereby 
increasing the efficacy of this compound. The carbamoyl moiety is electron attracting, 
therefore, it may reduce the efficacy of this derivative. More woric in this area should be 
done in order to investigate the efiects of molecular weight, degree of quatemization, 
and inclusion of electron releasing or attracting groups on the effica^ of these 
compounds. The safety of these polymers should be tested using mammalian cell 
cultures and eventually in vivo test methods to determine irritant potential for humans. 
Future work would involve attaching either drugs or agricultural chemicals to utilize 
these derivatives as polymer carriers.
Future studies of keratin affinity should include determination of nature or degree 
of surfoce modification of fibers by the polymers and the film properties of the deposited 
resins. Changes in fiber wettability should be determined as wettability affects the 
performance of hair sprays. The hold performance of the resins and strength of the 
junctions formed should be investigated. Deposition of the resins on fibers should be 
visually determined in order to assess degree of fiber mending.
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application in studm of micellar systems., Journal the American Chemwal Society, 
9^7), 2039-2044.1977. 1 would like to reproduce Figure I and 2 in my dissertation.
The figures used will certainly be given proper reference with the title, author, 
publisher, source, volume, page, and year.
Thank you very much for your time and cooperation.
Sincerely.
Melissa MnusrakGuernni
■wjw'romfrwmttataioai.
IWO 4mmcat 2ienai Socmy
âcSCopinqmOtff'
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L O U I S I A V A  s t a t e  L T N I V E R S I T Y
OeocrTmtnC of C*T<m»s:ry
February 10,1997
Editor-m-Chicf 
Polymer Joumai
The Society of Polymer Science, Japan 
Tsukiji Oaisan Magaoka BIdg., 2-4-2 
Tsukiji, Chuo-ku, Tok\o 104, Japan
Dear Sir.
May [ ask for your kind permission to use the following figure from your publication
Polymer JoumaL
The article of interest is: Winnik. F. M. and Winnik, M. A., The imeractioa of sodium 
dodecylsulâte with (hydroxyprof)yl)cellulose.. Polymer Joumd, 22(6), 482-488, 1990.
I would like to reproduce Figure I in my dissertation.
The figure used will certainly be given proper reference with the title, author, publisher, 
source, volume, page, and year.
Thank you very much for your time and cooperation.
Sincerely.
Melissa Manuszak Guerrini
We hereby g ran t permise ion fo r  th e  use o f the  m a te r ia l 
req u ested  above.
February 18, 1997
'Ken Shida 
Managing D irec to r &
S e c re ta ry  General
The S o c ie ty  of Polymer Science.
Japan
#«(** #**;# • • kax 3*;#
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L o u i s i a n - A  s t a t e  U v i v e r s i t y
Dtpartmem j f  C'nemisrr/
Februaiy 10.1997
Rights and Permissions Department 
CRC Press, fnc.
2000 Corporate Boulevard, N. W. 
Boca Raton, FL 33431
To Whom [t hfay Concern,
May [ ask for your kind permission to use the following figure from your publication 
Interactions of Surfactants with Polymers and Proteins.
The article of interest is: Goddard, E D., Polymer - surfactant interaction. Part 0. 
Polymer and surfactant of opposite charge. In: Interactions o f Surfactants with 
Polymers and Proteins, First Edition. CRC Press. Inc., Boca Raton, 1993, page 175. [ 
would like to reproduce Figure 2 in my dissertation.
The figure used will certainly be given proper reference with the title, author, publisher, 
source, volume, page, and year.
Thank you very much firr your time and cooperation.
Sincerely,
Melissa Manuszak Guenûir
P c n l s s l o B  g r a a e a d  p r o v id e d  I c  l a  f o r  
a c a d e a l c  u a a  o n l y  a n d  w i l l  n o t  b a  d l a -  
e r l b u c a d  o r  u a a d  f o r  p r o f i t .
MawSSON TO a0NMT 6 QRMMbavcrncpaES&amA46/
UNK REOUMk
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L o u i s i a n a  S t a t e  U n i v e r s i t y
Otpantrtfit of Cfterrttttry
Febniarv 10,1997
\
Rights and Pertnissions^Bwtment 
John Wiley & Sons, Inc.
605 Third Avenue 
Kew York, NY 10158-0012 
(212) 850-6000
To Whom It May Concern,
May I ask for your kind permission to use the following figure from your publication 
Encyclopedia o f Polymer Science and Engineermg.
The article of interest is: Michel hbndeL Polyelectrolytes, !■: Encyclopedia of Polymer 
Science and Engineering, Second Edition, Mark, R F., Bikales, N. M., Overberger. C. 
G. and Menges, G , Editors, John Wiley & Sons, New York. 1988, VoL 11, page 744. I 
would like to reproduce Figure 2 in my dissertation.
The figure used will certainly be given proper reference with the title, author, publisher, 
source, volume, page, and year.
Thank you very much for your time and cooperation.
Sincerely,
Melissa Manuszak Guerrini
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V 5 Thus A naiic 
Nor York. >Y ICIii-JQi: 
lliiSOMOO 
fAX lit 450 «0W
John Wiley & Sons, tic.
Publtsheis Since 1907
March 4.1997
Melissa Manuszak Cuctrini
Louisiana Scale University
Baton Rouge. LA 70803*1804
Dear Ms. Guerrini:
RE: Your letter dated February 10.1997 requesting permission to reuse up to a  maximum o f S figures and/or 
300 'v sris  in print aedim rr«ty ftnm Mark/ENCYCLOPEDLA OF POLYMER SCIENCE AND 
ENGINEERING, a  work published by John Wiley f t  Sons. Inc.
1. Permission is gianied for this use  except that you must obtain authorizatiMi fiom the original source to use 
any material that apperns in our wofk with credit to another source
2. Permitted  use is liinited to the origmal edition of your forthcoming work described in your letter and does 
not extend to fimire editions o f  your work. In addition, permission does not include the right to gnrntothcn 
permission to photocopy or otherwise reproduce this material except fa r  versions made by non-profit 
organizatHMS for use by blnid or physically handicapped persons.
3. Appropriate credit to our publicaCkm must appear on every copy o f your work, either on the Inst page o f the 
quoted text or in the figure legend. The following components must be included: Title, authotfs) and 'or 
editotfs). jotnnal title (if  applicable). Copyright ® (year and owner). Reprinted by permission o f  John Wiley 
ftSons.Inc.
4. This permission is fiy  non-exclusive world rights in the English language only. (For translation, please 
contact our Subsidary Rights D cpannent)
5. This permission is fiir print rights only. Ifyon wish petmistionfbrnon-prmt media rights, please contact 
Judith Spreitzar. (or requests for maerrial fitan our books, and Neil Adatns, for requests for material fiom our 
journals, when you have firm plans fiir publishing ytwr  book in a specific non-prha medium.
ft If year pnMkhad work cnnlaina mere than 5 figures and/hr 3 *  worda fitnm onr tWe, this permission 
shall he void.
Stncateiy,
Irma Lumalafcy / y
John WHeyftSona. Ink
Ify en h n eean y qnsasiaua rugardlngpaiaslsalana plaaaeenm oU )#*
VISITOVU W EÊOTE^ ‘HTrW-J/WWW. WtlEY.COM  ^FOU PEUMOSIONS mFOUUUTtOSAMD
uEviesTFoua
Î134I2
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L o L f t s i A > f A  S t a t e  U n i v e r s i t y
Department af Chemitcry
VMelissa A. Manuszak Guam'ni v y
Louisiana State University **
Department of Chemistry 
232 Chcppin Ha*
Baton Rouge. Louisiana 70803
March 10 .1997
i JRights and Permissions Department
John Wiley & Sons, Inc. ^
605 Third Avenue 
New York. NY 10158-0012 
(212) 850-6000
LC
To Whom It May Concern:
May I ask for your kind permission to use the foliowing figure from your publication 
Journal otP eiynm  Sdanea.
The article of interest is: H. Bsenberg and J. Pouyet, Viscosities of dilute aqueous 
solutions of a partially quatemized poly-4-vinylpyridine at low gradients of Itoe., Journal 
ofPofytmrSdanem. 13.85-91 (1954). i would Ska to reproduce Figure 2 in my 
dissertation.
The figure used w# certainly be given proper reference with ttte title, author, publisher, 
source, volume, page and year.
Thank you very much for your time and cooperation. 
Sincerely,
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’CS rh ir t  Avenue 
New Yore, ny IQ lie -K i;
i i z . s k  moo 
FAX ziz. sio Mbs
John Wiley & Sons, Inc.
Publtshen 5 ;n te  Z iO?
A p rils  1997
Melissa A. Manuszak Cuerrsii
Louisiana Sia* Univenity
Depc of Cheintsay
232 Choppin Hail
Baton Rouge. LA 7Q803
t}ear Ms. Guemni:
RE: Your letter dated March 10.1997 requesting penaission to reuse up to a maximum o f  S figures and/or 300 
words m print media only from JOURNAL OF POLYMER SCIENCE, a  work published by John Wiley & 
Sons. Inc.
1. Permission is granted for this use, except that you must obtain authorization fiom the original source to use 
any material that appears in our work with credit to another source.
2. Permined use is limited to the origmal edition o f your forthcommg work described in your letter and does 
not extend to future editions o f  your work. In a d ^ o n . permission does not uKlude the right to grant others 
permissiou to photocopy or otherwise reproduce this material except for versions made by non profit 
organizatioBS for use by blind or physically han^ capped persons.
3. Appropriate credit to our publication must appear on every copy ofyour work, either on the first page o f  the 
qiioied text or in the figure legend. The following components must be included: Title, authorfs) and /or 
editorfs), Journal title (if applicable). Copyright @ (year and owner). Reprmied by permission of John Wiley 
tS o irs . Inc.
4. This permission ia for non-exchmive world rights m the English language only. (For iranslatioo. please 
contact our Subsidiary Rights OepartmenL)
5. This permission is fiir print rights only. If you wish permission for nott.priut media rights, please contact 
Judith Spreitzer. for requests for matoial fiom our books, and Neil Adams, for requests fbr material fiora our 
journals, when you have fvm plans fiir publishing your book in a specific nonyirint medium.
6. If your pabUahad work eontakaa more than 5 l^aroa and/or 3dd words fbom onr Ude. this pcrmiatloB 
shod bo void.
Sincerely. .
tnnmLumelaky ^
John Wiley* Sons, Inc.
Petmisaiant Departmaac
Ifyon bnvo any qnaaliona regarding pefmlaaiona.pleaoe cad (212) dSWOII.
m n O U B  WEBSITE® "HTrT-y/W W W .W tlErXOhr fo e  FEEMISSIONS INFOEMATIOPIAf/o
EEQVESTFOEMS042aiO
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M elissa Manuszak G uerrini 
Louisiana S ta te  Unversxty 
Department o f Chemistry
Dear Ms. Manuszak G uerrin i;
May 5, 1997
As requested in  your l e t t e r  of February 10, 1997 you 
have my penaission to  re p r in t the  fig u re  from. Goddard 
e t .  a l . ,  Joum ai o f th e  Society o f Cosmetic Chemists 2C, 461-475(1975) in  your d is se ta tio n  as long as the 
a r t i c l e  is  properly  acknowledged.
Sincerely,
R. Randall V ickett, Ph.D. 
E d ito r JSCC
MLO.
■lewMOlT
ttmr.
■anoa;_
n.Mn«M « H e r e i n
E 2 :
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